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ABSTRACT 
DEVELOPMENT OF CAPILLARY-DRIVEN MICROFLUIDIC BIOSENSORS FOR FOOD 
SAFETY AND QUALITY ASSURANCE 
FEBRUARY 2014 
FEI HE, B.S., EAST CHINA NORMAL UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Sam R. Nugen 
 
Rapid detection technologies with high sensitivity and selectivity for pathogenic bacteria are 
critical in food safety and quality assurance. Traditional laboratory benchtop techniques (i.e. culture 
and colony counting) are time consuming and require complex sample handling. Microfluidics-
based Lab-on-a-Chip (LOC) systems offer a detection alternative where all detection steps are on 
one portable miniaturized device. The miniaturization of rapid foodborne pathogen detection at a 
low cost is especially ideal for resource-limited settings or for field-use. The goal of this study was 
to develop a disposable miniaturized microfluidic device for on-site pathogen detection.  
Capillary-driven microfluidics have been introduced in this study. Compared to traditional 
microfluidics which rely on external devices for operation, our capillary-driven biosensors are self-
priming microfluidics in which fluid flowing is actuated by surface wetting. Polymer substrates are 
used instead of standard silicon-or glass- based materials, due to the ease of microfabrication and 
their low cost for disposable applications. Two fabrication methods for polymeric microfluidic chips 
were developed. A plastic replication technique by hot embossing was developed in order to produce 
plastic prototypes from a master made from copper and photoresist (SU-8). The second rapid 
prototyping method included laser ablation and adhesives-bonding was developed. 
Electronic components have been developed using inkjet-printing techniques, due to their low 
cost and ease of design. The inkjet-printed silver and gold electrodes have been used in enzyme-
based electrochemical biosensors in this study. The On-chip Electrowetting (EW) Valve concept was 
 vii 
 
incorporated, for the sequential delivery of reagents to the reaction site in a miniaturized capillary-
driven microfluidic biosensor. The valve could be actuated at a low voltage (4.5 V) and was realized 
on various substrates.  
Bacteriophage-based detection is used for pathogenic bacteria, due to the fact that phages can 
be extremely host-specific and phage-based detection allows the differentiation between live and 
dead bacteria. Immunomagnetic separation (IMS) was used for sample pre-incubation and rapid 
separation. As a result, different capillary-driven microfluidic platforms have been developed for 
various applications, such as chemiluminescence detection for nucleic acid target, colorimetric 
immunoassay as well as electrochemical detection of T7 bacteriophage. 
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CHAPTER 1 
INTRODUCTION 
 
Rapid detection technologies with high sensitivity and selectivity for pathogenic bacteria 
are critical in food safety and quality assurance. Traditional laboratory benchtop techniques (i.e. 
culture and colony counting) are time consuming and require complex sample handling. 
Microfluidics-based Lab-on-a-Chip (LOC) systems offer a detection alternative where all detection 
steps are on one portable miniaturized device. In Chapter 2, a comprehensive literature review has 
been carried out aiming to give an overview of the analysis of microbial and chemical contaminants 
in food, based on the development of microfluidic biosensor systems.  
Miniaturization of rapid foodborne pathogen detection at a low cost is especially ideal for 
resource-limited settings or for field-use. However, several hurdles exist before microfluidic 
biosensors find a practical application in point-of-care (POC) diagnostics. For example, assay 
complexity, cost and the need for external instrumentation have prevented the introduction of such 
LOC diagnostics to resource-limited settings. The goal of this study is to develop a disposable 
miniaturized microfluidic device for on-site pathogen detection.  
1.1 Capillary-driven microfluidics 
 
Capillary-driven microfluidics has been introduced in this study. The development of this 
surface driven technology will have a significant impact to POC diagnostics because it will allow 
microfluidic sensors to be minimally instrumented at a lower cost. Compared to traditional 
microfluidics which rely on external devices for operation, our capillary-driven biosensors are self-
priming microfluidics in which fluid flowing is actuated by surface wetting, therefore no external 
power is needed for the pumping. Polymer substrates were used instead of standard silicon-or glass- 
based materials, due to the ease of microfabrication and their low cost for disposable application.  
 
1.2 Fabrication 
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Two fabrication methods for polymeric microfluidic chips were developed. A plastic 
replication technique by hot embossing is developed in order to produce plastic prototypes from a 
master made of copper and photoresist (SU-8). The second rapid prototyping method includes laser 
ablation and adhesives-bonding method were developed at a low cost. The cost is minimized by 
using poly (methyl methacrylate) (PMMA) and poly (ethylene terephthalate) (PET) as substrates 
and inexpensive UV surface treatment which can be applied in a roll-to-roll continuous process for 
large scale commercialization.  
 
1.3 Electronic components 
Standard methods for electrode fabrication are metal evaporation coupled with 
photolithography (Xiao, 2001) and screen printing. However, the large number of processing steps 
(i.e. application of photoresist, exposure to mask, etching and deposition) increases the cost per 
electrode and limits the disposable use of these arrays (Jensen, Krause, Sotzing, & Rusling, 2011). 
In this study, electronic components have been developed using inkjet-printing techniques, due to 
their low cost and ease of design. The inkjet-printed silver and gold electrodes have been 
incorporated into enzyme-based immunosensor for electrochemical detection.  
 
1.3.1 Inkjet printing 
Ideally, low-cost devices would be manufactured in a continuous process with a high and 
efficient output. Roll-to-roll processing and inkjet printing are attractive methods for the fabrication 
of low-cost biosensors (Sokolov, Roberts, & Bao, 2009). In this study, inkjet printing technology is 
used to mass produce conductive silver and gold electrode using a piezoelectric drop-on-demand 
(DOD) printer. The typical dimensions of inkjet-printed features depend on both the nozzle diameter 
and the surface energy interaction between the droplet and the substrate (Stringer & Derby, 2009). 
The conductive ink formulation has some critical characteristics, such as viscosity, surface tension, 
and wettability, and these characteristics affect printing quality by drop size, drop placement 
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accuracy and satellite formation (Kamyshny, Steinke, & Magdassi, 2011). 
 
1.3.2 Electrowetting valve 
In early 1990s, the idea of using a thin insulating layer to separate the conductive liquid 
from the metallic electrode has been introduced in order to eliminate the problem of electrolysis. 
This is the concept that has also become known as electrowetting on dielectric (EWOD) (Mugele & 
Baret, 2005). EWOD is a phenomenon where the apparent hydrophilicity of a dielectric can be 
altered if it is positioned on an electrode with an applied potential. Researchers has created a “time 
gate” where fluid flow rates slow down by establishing domains of varying apparent hydrophobicity 
within a microfluidic channel (Schulte, Bardell, & Weigl, 2002). In this work, On-chip 
Electrowetting (EW) Valve concept has been further developed, for the sequential delivery of 
reagents to the reaction site in a miniaturized capillary-driven microfluidic biosensor. The valve can 
be actuated at a low voltage (4.5 V) and it’s versatile on various substrates, therefore it’s practical 
for use in a portable low-cost device.  
 
1.4 Bacteriophage-based detection 
Bacteriophage-based detection is used for pathogenic bacteria, because phages are 
extremely host-specific and phage-based detection allows the distinction of living bacteria. 
Bacteriophages (or phages) are viruses that bind to specific receptors on the bacterial surface in 
order to inject their genetic material (DNA or RNA) inside the bacteria. These entities are typically 
of 20–200 nm in size (Singh et al., 2009). Phages recognize the bacterial receptors through its tail 
spike proteins (Kutter & Sulakvelidze, 2004). This recognition process has been employed for the 
typing of bacteria because of the high specificity. Therefore phages or phage-derived proteins can 
be used to detect the presence of unwanted pathogens in food or the production environments, which 
allows quick and specific identification of viable cells (Hagens & Loessner, 2007). Moreover, 
phage-based detection has the advantage of greater adaptability due to its broader environmental 
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and storage stabilities (Yim et al., 2009). Phage amplification allows the phage to complete its lytic 
life cycle within the bacterium resulting in the host being lysed and the large number of phage being 
released. The phages, which have been amplified in numbers, can then be quantified through various 
methods.  
 
1.5 Immunomagnetic separation (IMS)  
Sample preparation is a crucial part in the food analysis. Major challenges include the 
impact of complex food matrix components and overcoming its potential interference with the 
biosensor transducers (McGrath, Elliott, & Fodey, 2012b). Sample preparation is often the 
bottleneck in the analysis time because it is dependent on matrix and analytes (Ridgway, Lalljie, & 
Smith, 2007), and the aim is to isolate the trace amounts of analytes from a large quantity of complex 
matrix and eliminate the food matrix interference with the detection system (Zhang, Liu, Cui, Pan, 
Zhang, & Chen, 2012). Current separation methods include differential centrifugation, density 
gradient centrifugation, filtration, and ion exchange resins (Stevens & Jaykus, 2004). However, 
these techniques for sample preparation are highly labor intensive and time consuming, require large 
amount of reagents, which are expensive, generate considerable waste, contaminate the sample and 
not environment friendly (Buldini, Ricci, & Sharma, 2002).  
Immunomagnetic separation (IMS) has been shown to be a very effective tool for the 
separation and isolation of specific cells from heterogeneous cell suspensions (Skjerve, Rørvik, & 
Olsvik, 1990). IMS employs antibodies linked to magnetic beads that are placed in the food slurry 
and allowed to interact with specific epitopes on the bacterial cell surface (Gracias & McKillip, 
2004). A magnetic field is then used to pull the bacteria out of suspension for plating or molecular-
based (e.g., PCR) detection/enumeration (Jinneman et al., 1995) (Tomoyasu, 1998). IMS has proven 
effective for isolation of a variety of food pathogens, including L. monocytogenes (Skjerve, Rørvik, 
& Olsvik, 1990), E. coli O157:H7 (Seo, Brackett, Frank, & Hilliard, 1998) (Wright, Chapman, & 
Siddons, 1994), Staphylococcus aureus (Johne, Jarp, & Haaheim, 1989) and Salmonella spp. (Hsih 
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& Tsen, 2001). In this study, IMS is used in different samples (nucleic acid and T7 bacteriophage) 
for pre-incubation and rapid separation. 
 
1.6 Detection methods 
 
1.6.1 Chemiluminescence detection 
Chemiluminescence (CL) is an attractive option for detection in which analyte binding 
causes photochemical emission, either directly or with the help of an enzyme label (Myers & Lee, 
2008b). Compared to fluorescence, no excitation source is needed, therefore nonspecific radiation 
is reduced, and background interference is virtually eliminated (Cheek, Steel, Torres, Yu, & Yang, 
2001). 
 
1.6.2 Lateral-flow assays (LFAs) 
Immunochromatographic LFAs, commonly called ‘‘dipstick tests,’’ rely on capillary flow 
and qualitative visual readout. They are inexpensive to manufacture, robust, and easy to use. 
Compared to conventional immunological laboratory assays (i.e. enzyme-linked immunosorbent 
assay, ELISA), its sensitivity is relatively poor. Therefore, LFAs are ideal for use at point-of-
care/need with a simple yes/no diagnostic, where analyte abundance is relatively high, complex 
sample preparation is not needed (Posthuma-Trumpie, Korf, & van Amerongen, 2009; Myers & 
Lee, 2008). 
 
1.6.3 Electrochemical detection 
Electrochemical (EC) assays have been very successful for quantitative analysis of certain 
small-molecule analytes, blood chemistry, and urinalysis. EC detection offers considerable promise 
for microfluidic systems because its high sensitivity, portability, low-power requirement and low 
cost (J. Wang, 2002). 
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1.7 Conclusion 
As a result, capillary-driven microfluidic platforms have been developed for various 
applications as follows:   
In chapter 4, a PMMA biosensor was developed containing conjugate pad for reagent 
delivery and absorbent pad for additional fluid flow, using hot embossing and solvent bonding. 
Chemiluminescence detection is used for nucleic acid target. In this work, we have developed a 
capillary based nucleic acid biosensor. Our system consisted of self-priming microfluidics with 
sealed conjugate pads of reagent delivery and an absorbent pad for additional fluid draw. Using poly 
(methyl methacrylate) (PMMA) as a microfluidic substrate, we have developed a single-step surface 
modification method which allows strong capillary flow within a sealed microchannel. For our 
biosensor design, we have incorporated aspects of lateral flow assays within our device. Reagent 
storage was carried out in terms of dried reagents that have been pre-deposited into the conjugated 
pads, dissolving the reagents is done by incubating the liquid in a reaction chamber where the 
conjugate pad was placed. Specifically, conjugate pads within the device held trapped magnetic 
nanoparticles which were released when the sample entered the chamber. In addition, nucleic-acid-
probe-conjugated horseradish peroxidase (HRP) was released on a second conjugate pad. The 
complex consisting of the magnetic nanoparticles, target nucleic acid and HRP was immobilized 
over a magnet while a co-reactant stream containing H2O2 was merged with the channel. A 
downstream electrode attached to a potentiostat was able to quantify the signal. 
In chapter 5, using laser ablation and adhesive bonding, a hybrid paper and microfluidic 
chip is developed, which contains two EW valves for sequential fluid delivery. A colorimetric 
immunoassay is used for detection of T7 bacteriophage. Specifically, a low-cost capillary flow 
polymeric microfluidic device incorporating three electrowetting (EW) valves for timed fluidic 
delivery was developed. Each valve contained two inkjet-printed silver electrodes in series. 
Capillary flow within the microchannel was stopped at the second electrode which was modified 
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with a hydrophobic monolayer (valve closed). When a potential was applied across the electrodes, 
the hydrophobic monolayer became hydrophilic allowing flow to continue (valve opened). The 
microfluidic channel consisted of two flexible layers of polyethylene terephthalate (PET) bonded 
by a pressure sensitive adhesive (PSA) layer which was patterned with a laser ablated microfluidic 
channel. A PMMA layer with compatible design was adhered on top of the PET chip to allow for 
buffer inlet and increased durability. Additional study on the relationship of the time and voltage 
used to open the valves was performed within a simple rectangular microchannel in a PMMA 
microfluidic model. Our results show that increased voltage was needed to open the valve with 
increase distance between two electrodes. A low voltage (4.5V) was able to open the valve in 
1second, and the time needed to open the valve increased with decreased voltage. The final device 
represented three electrowetting (EW) valves working independently in capillary flow microfluidics 
for fast and low-cost lab-on-a-chip applications. 
In chapter 6, using laser ablation and adhesive bonding, an electrochemical biosensor is 
developed for amperometric detection of T7 bacteriophage. In this work, a disposable amperometric 
immunosensing microchip has been developed. This microchip is based on inkjet-printed gold 
working and counter electrode, and silver-silver chloride reference electrode for detection of T7 
bacteriophage. Monoclonal T7 bacteriophage tail fiber antibody was immobilized on magnetic 
beads and used for the capture of T7 phage. T7·TAG capsid antibody was immobilized on glucose 
oxidase via avidin-biotin binding, and was used to label magnetic-bead-T7 phage conjugate. T7 
phage with concentrations of 105, 108 and 1010 PFU/mL could be detected electrochemically.  
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CHAPTER 2 
LITERATURE REVIEW: MICROFLUIDIC BIOSENSORS FOR FOOD SAFETY AND 
QUALITY ASSURANCE 
 
2.1 Introduction 
Rapid detection technologies with high selectivity and sensitivity for pathogenic bacteria 
are critical in food safety, environmental monitoring, and clinical diagnosis (Lui, Cady, & Batt, 
2009). In the analysis of complex biological samples, conventional laboratory-scale technologies 
include culture and colony counting which involve a pre-enrichment or selective enrichment step 
followed by a biochemical test, immunological techniques, polymerase chain reaction (PCR) or 
reverse transcriptase PCR (RT-PCR). Although these approaches can allow for low limits of 
detection, most of them present problems of complex sample handling, lengthy time requirements, 
high consumption of expensive samples or reagents, and they do not afford the necessary limit of 
detection and specificity towards the target (He, Wang, Jin, & Nugen, 2011). Well established 
analytical techniques (such as HPLC, GC, etc.) for analysis of food contaminants require tedious 
sample preparation, therefore they are not ideal for in field rapid screening. 
Microfluidics-based lab-on-chip systems offer several advantages over existing techniques 
(Dutse & Yusof, 2011; Sanvicens, Pastells, Pascual, & Marco, 2009). The market for biosensor was 
estimated as $17.2 billion by year 2015 (Sadana & Sadana, 2010). Therefore, a comprehensive 
literature review has been carried out aiming to give an overview in the analysis of microbial and 
chemical contaminants in food, based on the development of microfluidic biosensor systems. We 
start with a brief introduction into a short definition and classification of the functional principle, 
fabrication and characterization of different microfluidic platforms, and various application 
examples. In our review we focus on recent developments from the last decade (2000s) using 
selected examples. These developments provide promising tools for miniaturized, integrated, 
automated, sensitive, and specific biological analysis in practical in-field applications. 
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2.2 Microfluidics Biosensors Basics 
 
2.2.1 Biosensor: definition and classification 
A biosensor is an analytical device, which converts a biological response into a measurable 
signal. In general, a biosensor works because the biological component (bioreceptor) interacts 
specifically with the target analyte, causing signal change which is proportional to the target 
concentration. The signal change can then be measured by the transducer, for converting the 
recognition event into a measurable electrical signal (Velusamy, Arshak, Korostynska, Oliwa, & 
Adley, 2010).  
Biosensors can be classified by their biorecognition components (bioreceptor) or transducer 
type. Bioreceptors include enzyme, antibody, cell, nucleic acids, biomimetic receptors and 
bacteriophage (Vo-Dinh & Cullum, 2000). Biosensors could also be divided into three categories 
depending on the transducers: optical, electrochemical, and mass-based biosensors.  
 
2.2.2 Microfluidics 
The microfluidic system, also called lab-on-chip, biochip, or micro-total-analysis-system, 
has been rapidly developed from early single-channel devices to current complex analysis systems 
(Lei, 2012). A microfluidic platform provides a set of fluidic unit operations, designed for easy 
combination within a well-defined fabrication technology. 
Microfluidic platform could be divided into 5 groups, namely: capillary, pressure driven, 
centrifugal, electrokinetic and acoustic systems. A microfluidic platform paves a generic and 
consistent way for miniaturization, integration, automation and parallelization of (bio-) chemical 
processes (Mark, Haeberle, Roth, von Stetten, & Zengerle, 2010). There are a number of advantages 
of using the miniaturized and automatic microfluidic systems, such as less sample/reagent 
consumption, reduced risk of contamination, less cost per analysis, lower power consumption, 
enhanced sensitivity and specificity, and higher reliability. Moreover, portability becomes realizable 
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for the point-of-care diagnostic devices (Lei, 2012). 
 
2.2.3 Materials and Manufacturing Techniques 
The material substrate used for microchip fabrication is a key factor, since the performance 
of the microfluidic platform will strongly depend on this material. Immobilization of the antibodies, 
fluid handling and even detection must be designed according to the material chosen or vice versa. 
Silicon, glass and polymers are the three main types of materials used for fabricating microfluidic 
devices. We present advantages and limitations for each of these materials, while bringing from the 
literature some examples for microfluidic immunoassays using these materials. 
Microfluidic systems can be fabricated from silicon, glass, quartz, and various polymeric 
materials. The silicon microfabrication process is well established from the microelectronic and 
MEMS industry (Spearing, 2000). The fabrication process for silicon-based microfluidic systems 
involves substrate cleaning, photolithography, metal deposition, and wet/dry etching (Nguyen & 
Wereley, 2002). Later, glass based, glass-silicon, glass-polymer mixed microfluidic fabrication 
techniques, and devices started to garner more interest. The glass materials were preferred partly for 
the biocompatibility toward the biomedical related applications and the ideal surface characteristics 
where high temperature or strong solvents should appear (e.g., on-chip capillary electrophoresis-
based operations) (Wu & Gu, 2011). However, silicon is not optically transparent at interested 
wavelengths, difficult for micromachining, comparably high cost, and limited for the applications 
based on optical and electrochemical detection. The high expense has also hampered the wider 
applications of glass and quartz in microfluidics. 
Polymeric materials are alternative materials for fabricating microfluidic systems, and they 
have garnered more interest than its conventional competitors (Mukhopadhyay, 2007). Although 
there is comparatively weak bonding and structure deformation during device packaging processes, 
polymer materials still seem attractive because they are less expensive, easier to be fabricated in/on, 
comparable low-temperature annealing and stringent cleaning, and a wider range of materials could 
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be chosen for characteristics that are required for each specific application, such as good optical 
transparency, biocompatibility, and chemical or mechanical properties.. Therefore, various 
functional microfluidic devices (e.g., micropumps, micromixers, microvalves, microfilters, 
microreactors, and microseparators) were then developed. Moreover, the possibility of disposable 
microfluidic chips toward biomedical and clinical applications is another advantage. These devices 
usually require low cost of fabrication, high volume production, good reproducibility, and versatility 
in design for a wide spectrum of specific applications (Wu & Gu, 2011). 
Current methods for fabrication of microfluidic devices include prototyping techniques 
(includes soft lithography (Anderson, Chiu, Wu, Schueller, & Whitesides, 2000), hot embossing (H. 
Becker & Heim, 2000; Qi et al., 2002) and injection molding (Attia, Marson, & Alcock, 2009; 
Chien, 2006)) and direct fabrication techniques such as photolithography/optical lithography (Cao, 
Tegenfeldt, Austin, & Chou, 2002), laser ablation or laser micromachining (Rossier, Reymond, & 
Michel, 2002) and x-ray lithography (Mappes, Achenbach, & Mohr, 2007). Commonly used 
polymer materials include Poly (methyl methacrylate) (PMMA) (Chen, Zhang, & Chen, 2008), 
polystyrene (Fiorini & Chiu, 2005), polycarbonate (H. Becker & Locascio, 2002), and PDMS 
(Anderson et al., 2000; McDonald & Whitesides, 2002). To make functional microfluidic systems, 
adhesion between substrates is a problem of great practical concern. Moreover, a variety of surface-
modification methods are available for immobilization of different antibodies or antigens, 
improving the efficiency of these devices (Lim & Zhang, 2007). There are a variety of materials 
(e.g., cyclic olefin copolymers (Raj et al., 2009; Stachowiak et al., 2007), polyester (Charpentier, 
Maguire, & Wan, 2006; Jiao & Cui, 2007), polycarbonate (Chan, Ko, & Hiraoka, 1996; Dauginet, 
Duwez, Legras, & Demoustier-Champagne, 2001), polyimide (Ghosh, 1996; Mittal, 2003; Strobel, 
Lyons, & Mittal, 1994), polymethyl methacrylate (PMMA) (Henry et al., 2000; Soper et al., 2002)), 
each with specific properties that offer the possibility of tailoring a material to a specific application. 
Recently, microfluidic paper-based analytical devices (µPADs) become a new class of 
point-of-care diagnostic devices which are inexpensive, easy to use, and designed specifically for 
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use in resource-limited settings (Martinez, Phillips, Whitesides, & Carrilho, 2009). Thus, advances 
in low-cost and easy fabrication methods without clean room facilities significantly increase the 
application of microfluidic technology in many sectors. 
 
2.3 Applications of Microfluidic Biosensors in Food Safety and Quality Control 
This  review  focuses  on  the  application  of  biosensors  in  the  detection  
of  food contaminants, such as foodborne pathogens, toxins, pesticides and drug residues. 
 
2.3.1 Sample Preparation and Matrix Handling 
Sample preparation is a crucial part in the food analysis. Major challenges include the 
impact of complex food matrix components and overcoming its potential interference with the 
biosensor transducers (McGrath, Elliott, & Fodey, 2012). Sample preparation is often the bottleneck 
in the analysis time because it is dependent on matrix and analytes (Ridgway, Lalljie, & Smith, 
2007), and the aim is to isolate the trace amounts of analytes from a large quantity of complex matrix 
and eliminate the food matrix interference with the detection system (Zhang, Liu, Cui, Pan, Zhang, 
& Chen, 2012). Conventional techniques for sample preparation are highly labor intensive and time 
consuming, require large amount of reagents, which are expensive, generate considerable waste, 
contaminate the sample and not environment friendly (Buldini, Ricci, & Sharma, 2002). Commonly 
used sample preparations include simple liquid extraction, liquid-liquid extraction, solid-phase 
extraction (SPE), extraction with an organic solvent in the presence of salts followed by dispersive 
solid-phase extraction, and ultrafiltration (McGrath, Elliott, & Fodey, 2012). Current sample 
preparation techniques have been attempted to enhance selectivity (immunoaffinity, MIP and 
aptamers) and employ small amounts of sample prior to analysis, thus making sample preparation 
environmentally friendly (micro-extraction approaches), minimizing the number of steps and 
reducing solvent consumption to avoid errors (Nováková & Vlčková, 2009).  
Improvement of the new technique focuses on removing the enrichment or culturing steps 
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by using magnetic particles in the sample preparation step. Immunomagnetic separation (IMS) is an 
example to physically isolate and pre-concentrate the analyte of interest in the application of 
pathogen detection. Bacteria-specific antibodies or nucleic acid probe have been immobilized to 
magnetic particles/beads via biotin-streptavidin bonds and mixed with the sample. Bacteria are then 
concentrated and purified from food matrix by passing through a magnetic field (He et al., 2011). 
For example,  Kanayeva et al showed efficient separation of Listeria monocytogenes using an 
impedance immunosensor without pre-enrichment and labeling, 104 and 105 CFU/ml Listeria 
monocytogenes in lettuce, milk, and ground beef samples could be detected in 3 h  (Kanayeva et 
al., 2012).   
Novel techniques have also been introduced recently as a new methodology in the quest for 
microfluidic analytical systems for real sample analysis. Matlock-Colangelo et al. first demonstrated 
the functional electrospun nanofibers used to enable sample preparation procedures of isolation and 
concentration in lab-on-a-chip devices. They showed that functionalized electrospun nanofibers 
were integrated into microfluidic channels to serve as on-chip bioseparators by changing the 
nanofibers zeta potential and surface charges (Matlock-Colangelo, Cho, Pitner, Frey, & Baeumner, 
2012). Nanomaterials are also used to amplify biomolecular interactions, resulting in very sensitive 
analyte detection (Zhong, 2009). Nanomaterials is promising in the development of practical 
biosensors, because the need for expensive or complicated instruments is eliminated and it allows 
for the rapid detection of foodborne pathogens on a portable or hand-held device (H. Yang, Li, & 
Jiang, 2008).  
 
2.3.2 Microbial Contaminants in Food 
There are five main bacterial pathogens which are responsible for the majority of foodborne 
illness: Campylobacter, Salmonella, Listeria monocytogenes, E. coli O157:H7, Staphylococcus 
aureus, and Bacillus cereus. Bacterial pathogens are measured in terms of colony forming unites 
(CFU) per milliliter or per gram. Microbiological methods remains the gold standards for 
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monitoring foodborne pathogens, which generally consist of an enrichment step (pre-enrichment 
and/or selective enrichment), culturing in selective or differential agar plates to isolate cultures, 
followed by phenotype analysis or metabolic fingerprint analysis to confirm the result. However, it 
is time consuming and cost effective. Microfluidic devices offer a cheap, efficient, real-time 
detection of the presence of foodborne pathogens, toxins and other contaminants, such as chemicals, 
pesticides and drug residues. There are a lot of articles related to foodborne pathogen detection 
based different transducer types, although some of them are proof-to-concept biosensors that require 
more work to prove their actual use with actual food samples.  Sim et al. demonstrated a waveguide 
biosensor system integrated with a microfluidic channel, enabling label-free live cell detection of 
Listeria monocytogenes  (Sim et al., 2012). 
The detection and estimation of pathogen concentration in the food and water samples are 
generally achieved by quantification of whole pathogen cells, metabolites release or pathogen 
specific protein/nucleic acid sequences. Sandwich assays are widely used, in which targets in the 
samples are sandwiched between the target-specific antibodies and secondary antibodies or makers 
conjugated to generate signals. For example,  Ohk et al. describe an optical based biosensor for 
multiplex detection of three different pathogens (Listeria monocytogenes, Escherichia coli O157:H7 
and Salmonella enterica) using a single assay platform in ready-to-eat meats samples. They used a 
capture antibody and an aptamer with fluorescent label to sandwich target analytes. The limit of 
detection for the sensor was similar to 103 CFU/ml for all three pathogens, and it took less than 24 
hours (an 18h enrichment step and 4 h biosensor detection) (Ohk & Bhunia, 2013). 
Sun et al has developed an ELISA Lab-on-a-chip for enzyme-linked immune-detection of 
staphylococcal enterotoxin B (SEB). The ELISA-LOC was constructed using Laminated Object 
Manufacturing (LOM) technology to assemble six layers with an acrylic poly (methyl methacrylate) 
(PMMA) core and five polycarbonate layers micromachined by a CO2 laser. They also used carbon 
nanotube (CNT) to enhance primary antibody immobilization, and a charge-coupled device (CCD) 
detector for measuring the light signal generated by electrochemiluminescence (ECL).  Using a 
 15 
 
sandwich ELISA assay, the system detected SEB at concentrations as low as 0.1 ng ml−1, which is 
similar to the reported sensitivity of conventional ELISA (S. Sun, Yang, Kostov, & Rasooly, 2010). 
Biosensors have also been reported using a polymerase chain reaction (PCR) step. Wang 
describes the preparation, operation and applications of biosensors and gene chips, which provide 
fast, sensitive and selective detection of DNA hybridization, and also examined various new 
strategies for DNA biosensors and gene chips (J. Wang, 2000). Ricciardi et al showed that their 
portable biosensors could easily detect the presence of pathogenic bacteria such as Salmonella 
enterica serotype in concentration 105 CFU/ml in just 40 min, without any enrichment and/or sample 
preparation  (Ricciardi et al., 2010). 
In addition to pathogen and antigen detection, microfluidic devices can be used for pathogen 
sorting by isolating pathogens from suspended particle concentration mixture using 
dielectrophoresis (Neethirajan et al., 2011). Gagnon and Chang captured the target pathogens by 
converging fluid flow through alternating current electro-osmotic flow in a microfluidic device, and 
sweeping the suspended particles towards the outlet along the fluidic flow (Gagnon & Chang, 2005). 
 
2.3.3 Toxins and Other Food Contaminants 
Toxins are produced in a size from a molecular weight of a few hundred to several hundred 
thousand Dalton. For low molecular weight toxins, it is possible to use non-competitive and 
sandwich based biosensor methods; large toxins require inhibition/competition-based methods 
(McGrath, Elliott, & Fodey, 2012a). 
Microfluidic-based analytical technologies have been reported useful for food safety 
analysis and more specifically timely detection of toxins and other health affecting contaminants.  
Yang et al. developed a high throughput optical carbon nanotube (CNT) based microfluidic device 
for immunosensing of staphylococcal enterotoxin B (SEB) in real food sample (soy milk, apple 
juice and baby food) analysis. A low limit of detection was reached 0.5 ng/ml (visually) and 0.1 
ng/ml (with a CCD camera)  (M. Yang, Sun, Kostov, & Rasooly, 2011). Frisk et al. developed a 
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sensor for the lethal bacterial enzyme, botulinum neurotoxin type A (BoNT/A) using self-assembled 
monolayers (SAMs) in vegetable soup. SAMs consisting of an immobilized synthetic peptide that 
mimicked the toxin's in vivo SNAP-25 protein substrate were formed on Au and interfaced with 
arrayed microfluidic channels. Peptide SAMs were exposed to varying concentrations of BoNT/A 
or its catalytic light chain (ALC), resulting in enzymatic cleavage of the peptide substrate from the 
surface. Fluorescence detection was achieved down to 20 pg/ml ALC and 3 pg/mL BoNT/A in 3 h 
(Frisk, Tepp, Johnson, & Beebe, 2009). 
Also (magnetic) micro-and nanoparticles are of great value in bio-assay development in a 
microfluidic chip. For example, a magnetic bead-based ELISA method was performed in a 
microfluidic device to quantify low levels of the mycotoxin Zearalenone in baby food (Hervás, 
López, & Escarpa, 2011). Frisk et al. have also devised a microfluidic platform that incorporates 
substrate-laden silica beads for sensing the proteolytic activity of botulinum neurotoxin type A 
(BoNT/A). Their bead-based microfluidic platform can sense BoNT/A down to 10 pg of toxin per 
mL buffer solution in 3.5 h (Frisk, Berthier, Tepp, Johnson, & Beebe, 2008). In another paper,  
Cesarino et al. have introduced a pesticide biosensor. This electrochemical acetylcholinesterase 
(AChE) biosensor was developed on polyaniline (PANI) and multi-walled carbon nanotubes 
(MWCNTs) core-shell modified glassy carbon electrode (GC), and used to detect carbonate 
pesticides in fruit and vegetables (apple, broccoli and cabbage), with a detection limits of 1.4 and 
0.95 mu mol L-1, respectively, for carbaryl and methomyl (Cesarino, Moraes, Lanza, & Machado, 
2012).  
 
2.3.4 GMO and Allergen 
As a result of the wide spread use of genetically modified organisms (GMOs) in food 
production, some countries and the European Union established labeling regulations. With concerns 
for GMO in food supply chains, rapid and automatic approach is needed for the detection of GMO 
(Narsaiah, Jha, Bhardwaj, Sharma, & Kumar, 2012). Gambari and Feriotto presented a 
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comprehensive literature review of using surface plasmon resonance (SPR) and biosensor 
technologies to detect genetically modified organisms (GMOs). They demonstrated that PCR-
generated probes based procedure allows a one-step, nonradioactive detection of GMOs, therefore 
it is more efficient than are oligodeoxy-ribonucleotide probes in detecting GMOs (Gambari & 
Feriotto, 2006). 
With the rising incidence of people with food hypersensitivity such as food allergy and/or 
food intolerance, there is a need for highly sensitive, low cost analysis methods. Sun et al has 
developed an electrochemical DNA sensor using a stem loop probe for detection of peanut allergen 
Ara h 1. Ara h 1 was detected in the peanut DNA extracts of peanut milk beverage with a 
concentration of 3.2 x 10(-13) mol/L (X. Sun, Guan, Shan, Zhang, & Li, 2012). In another paper, a 
fiber optic SPR biosensor for the fast and accurate detection of peanut allergens in complex food 
matrices was reported. With nanobead signal enhancement, the detection limit for Ara h1 pea nut 
allergen was improved by two orders of magnitude from 9 to 0.09 μg/mL (Pollet et al., 2011). 
 
2.3.5 Sugars and Acids 
The concentration of glucose is an important indicator in the food industry for quality and 
process control. Therefore, glucose biosensors are widely applied in the monitoring of fermentation 
products and in diary, wine, beer, and sugar industry. Most of the glucose amperometric biosensors 
are based on enzymes that consume oxygen and produce hydrogen peroxide (oxidase enzyme) 
(Monosik, Stredansky, Tkac, & Sturdik, 2012). Wang et al. reviewed the construction of glucose 
biosensor and their applications (J. Wang, 2008).  Kantak et al. utilized microfluidic droplet 
technology to generate photopolymerizeable polyethylene glycol (PEG) hydrogel microbeads 
incorporating a fluorescence-based proof-of-concept glucose bioassay (Kantak, Zhu, Beyer, Bansal, 
& Trau, 2012). Zhu et al. described a flow injection optical fiber biosensor for glucose in soft drink 
samples based on luminol electrochemiluminescence (ECL). The sol-gel method is introduced to 
immobilize glucose oxidase (GOD) on the surface of a glassy carbon electrode. Glucose could be 
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quantitated in the concentration ranges between 50 μ M and 10 mM with a detection limit of around 
26 μM (L. Zhu, Li, & Zhu, 2002). 
Beside glucose, enzyme based microfluidic system has also been widely used in various 
applications and developed for analysis of different components present in food samples, such as 
fructose, sucrose, lactose, lactic, malic, acetic ascorbic, citric acids, ethanol, etc. Microfluidics 
increases the throughput of a single device by fabricating multiple analysis manifolds on a single 
device at a comparatively low cost. There are a lot of good review papers on the application of 
enzyme biosensor in analysis of food and beverage. Prodromidis and  Karayannis reviewed the 
principles of amperometric biosensor detection in food analysis (Prodromidis & Karayannis, 2002).  
Mao et al. reviewed the research and development of electrochemical biosensors for common 
analytes in ferment process, including glucose, lactic, alcohol and glycerol during past 10 years  
(Mao Xiu-Ling, Wu Jian, & Ying Yi-Bin, 2008). Chaubey and Malhotra did an overview of direct 
electrode transfer between enzyme and the electrode in biosensors, and various methodologies 
involved in the mediated systems, their merits and wide applications  (Chaubey & Malhotra, 
2002). 
 
2.4 Other New Platform in Microfluidic Biosensor 
 
2.4.1 Electronic Nose and Tongue 
The development of an electronic nose for pathogen detection has received considerable 
attention in recent years. Conducting polymers has been used as novel detectors in electronic nose 
systems. Conducting organic polymer sensors could absorb the gas and generate signals which can 
be sensed and delivered to measurement (Arshak, Velusamy, Korostynska, Oliwa-Stasiak, & Adley, 
2009). Schaller et al. reviewed the development of electronic noses and their application in different 
food samples such as meat, grains, coffee etc. (Schaller, Bosset, & Escher, 1998). 
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2.4.2 Paper Fluidics 
Compared to other capillary-based microfluidic devices, paper fluidic microchip works as 
a novel platform for portable, disposable and cost-effective detection. The advantages of paper 
fluidics include but not limited to: it is a cheap and ubiquitous material; it is compatible with many 
chemical/biochemical/medical applications; liquids is transported using capillary forces without the 
assistance of external forces. Paper-based sensors are a new alternative technology for fabricating 
simple, low-cost, portable and disposable analytical devices for many application areas including 
clinical diagnosis, food quality control and environmental monitoring.  Hossain et al developed a 
reagentless bioactive paper fluidics for detection of acetylcholinesterase (AChE) inhibitors, 
including organophosphate pesticides, in beverage and food. The results showed good agreement 
with a conventional mass spectrometric assay method (Hossain, Luckham, McFadden, & Brennan, 
2009). The portability and cost-effective of paper fluidic have broaden its usage in global health and 
point-of-care testing for resource limited regions. Although paper-based sensors have certain 
limitations such as accuracy and sensitivity, it is promising to be a new and innovative platform with 
advances in fabrication and analytical techniques (Liana, Raguse, Gooding, & Chow, 2012).  
 
2.5 Conclusion 
In this review, we have discussed the recent development of microfluidic biosensors and 
their application in the field of food analysis. Microfluidic technology offers novel approaches for 
solving crucial problems in agriculture and the food industry. The market is expected to expand 
significantly as the microfluidic technology has demonstrated sufficient and key benefits for the 
agriculture and food industries (Neethirajan et al., 2011). Since a lot of publications of the 
application of biosensors are proof-of-concept, therefore validation is needed from a 
manufacturability point of view and the knowledge gap is required to be addressed. Moreover, new 
tools or devices with simplified and low cost characteristics have to perform at greater accuracy 
levels and higher throughput in order to integrate the microfluidics technologies into a functional 
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food or agricultural system. Nonetheless, the room for growth, there are enormous opportunities 
and innovation for microfluidic applications in the agriculture and food industries. 
 
 
 
 
 
 
CHAPTER 3 
LITERATURE REVIEW: MICROFLUIDIC DEVICES FABRICATED WITH POLY 
(METHYL METHACRYLATE) 
 
3.1 Introduction 
 
Poly (methyl methacrylate) (PMMA) has become a useful substrate for the fabrication of 
microdevices. PMMA is also known as acrylic and by the trade names Lucite®, and Plexiglas®. 
PMMA (Figure 3-1) has become a common substrate for microdevices due to its ease of 
manufacturing, optical clarity and low cost.  PMMA generates hydrophobic surfaces. Although the 
thermal and mechanical properties vary depending on manufacturer, the typical glass transition 
temperature ranges from 105 - 130 °C. The relatively low forming temperature makes it an attractive 
alternative to other polymers in terms of machinability. Compared to another common prototyping 
polymer, poly(dimethylsiloxane) (PDMS), PMMA shows benefits such as lower adsorption and 
better commercialization, but drawbacks such as organic solvent susceptibility and manufacturer 
variability (Mukhopadhyay, 2007). 
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Figure 3- 1: Structure of PMMA 
 
In this chapter we review the current scientific literature to assess the state of the art in 
utilizing PMMA as a substrate in microfabrication. Although we focus on PMMA as a substrate, the 
reviewed microfabrication techniques are also relevant to other common polymers such as 
polyethylene terephthalate (PET), polystyrene (PS), polycarbonate (PC), and cyclic olefin 
copolymers (PC). 
 
3.2 PMMA Channel Formation 
 
A variety of methods have been used for microfluidic devices fabrication, including reactive 
ion etching, wet etching, conventional machining, photolithography, soft lithography, hot embossing, 
injection molding, laser ablation, in situ construction, and plasma etching. For PMMA 
microchannels fabrication, laser ablation and hot embossing are the most common methods, and 
other techniques such as in situ polymerization (Z. Chen, Gao, Su, Li, & Lin, 2003; Muck et al., 
2004) and injection molding (Huang, Chen, & Lee, 2007; Jung et al., 2007) also have several 
advantages. In situ polymerization is a process where the PMMA monomer is polymerized while 
on the channel template. Because the PMMA is formed on the template, neither heat nor pressure 
are required for the channel formation. This method is not common due to the extended process 
time compared to hot embossing. Injection molding is a common method for commercial-scale 
production of plastics, however, the initial high costs of tool machining prohibit its utility as a rapid 
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prototyping method.  
 
3.2.1 Laser Ablation 
 Laser ablation involves the use of a high power pulse laser to remove PMMA from a surface 
thereby forming a trench or microchannel. The laser ablation of polymers is most commonly 
performed using a UV eximer laser (Bityurin, 2005; Johnson, Waddell, Kramer, & Locascio, 2001; 
Yao, Liu, Chen, Liu, & Zuo, 2005), including ArF excimer laser (193 nm), KrF excimer lasers (248 
nm) and CO2 laser (10.6 µm). There exists some preference for laser ablation over hot embossing 
(Jensen et al., 2004). While hot embossing requires the prefabrication of a master template, laser 
ablation patterns are programmed individually and offer the potential for more rapid development 
of prototypes. The laser path can often be designed in AutoCAD® (Autodesk, San Rafael, CA) or 
other drawing programs. On a commercial scale, however, the time required for individual devices 
is much higher compared to that of hot embossing.  
Compared to other polymers such as polyethylenetherketone (PEEK), cyclic olefin 
copolymer (COC), polycarbonate (PC) and polydimethylsiloxane (PDMS), PMMA exhibits good 
thermal and physical properties for laser ablation (Klank, Kutter, & Geschke, 2002). PMMA absorbs 
almost all wavelengths below 300 nm (Yao et al., 2005). Therefore, UV lasers below 300 nm are 
ideal for ablation of PMMA. At these wavelengths the PMMA chains experience both 
photochemical as well as photothermal reactions. Photochemical reactions occur due to the 
absorption of photons resulting in main and side chain scission. The photothermal reaction occurs 
when the PMMA is locally heated to the point of thermal decomposition. The volatile monomers 
are then vaporized and removed from the surface. This process is estimated to occur around 350 – 
380 °C and is referred to as depropagation (Snakenborg, Klank, & Kutter, 2004). A CO2 laser has 
also been used for channel formation (J. Cheng, Wei, Hsu, & Young, 2004; Klank et al., 2002; 
Snakenborg et al., 2004). The CO2 laser used a 10.6 µm wavelength and therefore was able to ablate 
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the PMMA using only photothermal breakdown.  
3.2.2 Hot Embossing 
 The process of hot embossing is also known as both hot embossing lithography (HEL) and 
nano imprint lithography (NIL). The process involves heating the polymer substrate (typically in 
the form of flat sheets) to a temperature above the glass transition temperature (Tg), and then 
applying a structured master (stamp) onto the polymer with a specified force (Figure 3-2). Many 
polymers have been hot embossed for fabricating microchannels including polymethylmethacrylate 
(PMMA) (Esch, Kapur, Irizarry, & Genova, 2003; Kimerling, Liu, Kim, & Yao, 2006), cyclic olefin 
copolymer (COC), polycarbonate (PC) (Esch et al., 2003), poly(tetrafluoroethylene) (PET), and 
polystyrene (PS) (Esch et al., 2003). This is an inexpensive process which offers high aspect ratios 
and good reproducibility.  Masters are typically made in silicon or metal. Silicon stamp are created 
by micromachining, and metal stamps are usually made either by electroplating a micromachined 
open channel. 
 
Figure 3- 2: Typical hot embossing procedure for PMMA. a) The PMMA piece is placed between 
a hot embossing master and a flat surface. b) The hot embossing master is pressed into the PMMA 
at a specified force and temperature. c) After a specified time, the embossing master is released and 
the PMMA is removed from the press. d) Inlet and outlet holes are drilled in the structured PMMA 
before, e) it is bonded to another piece of PMMA. f) The device is removed for final finishing. 
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 The embossing temperature and force are typically determined experimentally. Typically the 
embossing temperature is set 15-20 °C above the Tg of the polymer. In this temperature range, the 
polymer exists as a rubbery intermediate. Transition from the “glassy” state to the “rubber” state is 
due to an increase in molecular movements once the polymer has crossed the Tg. If the embossing 
temperature is too low, insufficient viscous properties in the polymer will result in poor replication 
such as rounded edges (Esch et al., 2003). The force should also be high enough to drive the polymer 
into the architecture of the hot embossing master. Models have been created to simulate the wall 
profile as a function of contact-stress and time during the hot embossing of PMMA (Heyderman, 
Schift, David, Gobrecht, & Schweizer, 2000; Lei, Li, Budraa, & Mai, 2003; Luo, Xu, Wang, & Liu, 
2006; Worgull, Heckele, Hétu, & Kabanemi, 2006).  One model suggests that hot embossing 
typically does not result in vertical sidewalls of the channel due to the viscous properties of the 
polymer. This conclusion may be dependent on the temperature and pressure used in the process. 
 In addition to the temperature used during the embossing, the cooling temperature, or de-
embossing temperature is also important. After the desired embossing temperature, force and time 
have been experienced, the polymer must be cooled to below the Tg prior to separation from the 
embossing master. Failure to adequately cool the PMMA can result in deformation during separation 
(Esch et al., 2003). Following embossing, the PMMA should be stored at 65-80 °C to relieve internal 
stress incurred during the hot embossing process (Graß et al., 2001; Klank et al., 2002). 
 Adhesion of the PMMA to the master can make de-embossing difficult. Several methods have 
been used to provide an anti-stiction coating on the embossing master in order to aid in de-
embossing. For example, silicon wafers used as embossing masters can be treated with agents such 
as 1,1,2,2-tetrahydroperfluorooctylsilane (Cameron, Roberge, Veres, Jakeway, & Crabtree, 2006) or 
octofluorcyclobutane (Cha, Park, Lim, & Park, 2005) to prevent adhesion of the polymer to the 
silicon. Stiction is a frequently observed problem in micromachining when microfabricated 
structures adhere to tools or other surfaces due to electrostatic interactions, chemical bonding and 
other forces. The many strategies to circumvent stiction can thus also be applied to hot embossing 
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technology 
 The master used for hot embossing PMMA has been constructed of a variety of materials 
including silicon, polymers, and various metals (Table 3-1). Silicon wafer masters can be fabricated 
using standard photolithographic techniques such as deep reactive ion etching (DRIE). Bosch 
process etching is an effective way of achieving deeper etches with nearly vertical sidewalls. Silicon 
masters are the most common prototyping master but have some drawbacks. Typical 500 µm wafers 
are fragile and easily broken. The coefficient of linear expansion is much lower than that for the 
PMMA which leads to complications during de-embossing. Because during embossing, both the 
PMMA and the silicon expand as a result of the increased temperature. Once the embossing is over 
and the cooling process begins, the PMMA contracts more rapidly than the silicon master and 
depending on the channel design, could hold on the structured silicon very tightly. If the cooling 
takes place without an applied force, the contracting PMMA could bow the PMMA/silicon resulting 
in a fracture of the silicon. Adhering a silicon master to a support on the non-structured side may 
prevent this bowing. This has been demonstrated using Pyrex® 7740 which can either be anodically 
bonded to the silicon or bonded through the use of an adhesive.  
 
Table 3- 1: Physical and thermal properties of materials used for hot embossing masters and 
PMMA  
Material Density (g/cm3) Thermal conductivity  
(W/ mK) 
Coefficient of Linear 
Expansion (ppm/ °C) 
Silicon 2.33 150 3 
Nickel 9.19 164 13 
Stainless Steel 7.92 16.3 17.3 
Copper 8.92 482 16.7 
SU-8 1.19 0.20 50 
PMMA 1.18 0.18 55 
 
3.3 Thermal Bonding 
 
There have been several methods used to bond two pieces of PMMA together while 
preserving a channel structure within the PMMA, including thermal bonding, adhesives fusion, 
ultrasonic welding and mechanical clamping. The most common method is thermal bonding (Z. 
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Chen, Gao, Lin, Su, & Xie, 2004; Holt, Gauger, Kusterbeck, & Ligler, 2002; Keynton et al., 2004; 
G. Lee, Chen, Huang, Sung, & Lin, 2001; Li, Chen, & Chen, 2005; Yahng et al., 2005). This process 
uses equipment similar to that used in hot embossing. Two heated plates sandwich pieces of PMMA 
until they soften. Under pressure, the softening allows the interface of the two plastics to fuse. This 
is a fast and simple method of bonding two PMMA pieces. The drawback is the deformation of the 
channels observed during the process (Figure 3-3). Because the bonding process takes place above 
the Tg and with pressure, the PMMA is able to flow resulting in channel deformation. Another 
technique used for thermal bonding takes advantage of the ideal bonding temperature being close 
to 100 °C. The two pieces of PMMA are tightly clamped together and immersed in boiling water 
for one hour (Kelly, Pan, & Woolley, 2005). The advantage is a good heat control; the disadvantage 
is that commercially available PMMA may have different thermal properties as they tend to vary 
depending on the manufacturer. 
 
Figure 3- 3: Channel deformation during thermal bonding. (a) An undisturbed channel profile. (b) 
An exagerated channel profile of a thermally bonded channel. By rasing the temperature above the 
Tg of PMMA in order to bond, the material is also softened enough to allow for deformation. 
 
3.3.1 Assisted Thermal Bonding 
Vacuum-assisted thermal bonding has been used to bond PMMA microchannels to form a 
capillary electrophoresis device (Z. Chen et al., 2004). In this experiment, the structured and 
unstructured PMMA pieces were sandwiched and placed in a vacuum oven (112 °C, 10 mbar) for 
60 minutes without clamping. The softened PMMA surfaced mated without external force resulting 
in less distortion of the channel. In addition, the removal of air pockets during treatment allowed 
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for a more uniform bond when compared to bonding in a non-vacuum environment.  
Solvent-assisted thermal bonding involves the application of a very thin layer of solvent on 
the surface of the unstructured PMMA piece (Klank et al., 2002). When pressed into the structured 
piece, the solvent fuses the two pieces together. Strong solvents such as 2,4-pentadione have been 
spin-coated onto an unstructured PMMA piece (2.5 seconds, 4,500 rpm) and then hand pressed onto 
the structured piece (Konrad, Griebel, Dörner, & Löwe, 2002). Weaker solvents can also be used if 
the clamping time is increased. A solvent mixture containing 47.5% DMSO, 47.5% water and 5% 
methanol placed between two PMMA pieces and pressed at 85 °C with a force of 3000 N for 30 
minutes was found to provide adequate bonding (Brown, Koerner, Horton, & Oleschuk, 2006). 
Because DMSO and methanol are weak solvents for PMMA, there is little solvent penetration into 
the bulk of the PMMA. This allows excess solvent to be placed between the PMMA pieces and thus 
does not require the use of a spin-coater. A ten minute ethyl alcohol soak prior to hot embossing for 
90 minutes at 85 °C has also been found to provide good bonding (Klank et al., 2002).  
Both heat and the use of solvents have the potential to disturb channel structure. One way 
to preserve the structure is by the use of a sacrificial material such as paraffin wax placed within the 
channel followed by solvent binding (Kelly et al., 2005). The structured PMMA is first temporarily 
sealed with a PDMS film. Hot paraffin wax is then pumped through the heated channel and allowed 
to fill the entire space. Following cooling, the PDMS is removed and a layer of solvent can be placed 
between the structured PMMA and a blank PMMA. The paraffin can then be heated and pumped 
from the channel. Residual paraffin can be removed with cyclohexane. This bonding technique 
offers a very high pressure tolerance within the device.  
 
3.4 Sealing Layer 
 
Sealing of a structured PMMA piece to an unstructured PMMA piece can also be achieved 
by using an intermediate sealing layer. In this process a second material with different adhesive 
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properties is placed between the two PMMA pieces.  An intermediate polymer such as the 
photoresist SU-8 has been found to show good adhesion to PMMA (Bilenberg, Nielsen, Clausen, & 
Kristensen, 2004). Poly(dimethyl siloxane) (PDMS) has also been used to bond PMMA pieces 
(Chow, Lei, Shi, Li, & Huang, 2004). In this case, the PDMS was spin-coated onto the unstructured 
piece to a final thickness of 10 µm – 20 µm. The PMMA pieces were then sandwiched and the 
PDMS was allowed to cure. Lamination foil has also been used to seal microchannels (Klank et al., 
2002). The structured PMMA was heated to 100 °C before being sandwiched with the laminating 
foil. The foil contained an adhesive which when in contact with the heated PMMA formed a bond. 
A copolymer consisting of poly(butyl methacrylate)-co-(methyl methacrylate) (9% in IPA-
methylene dichloride (40+60)) has also been used as an adhesive layer for bonding (Qi et al., 2002). 
The coploymer was first spincoated onto unstructured PMMA and baked for 30 minutes at 80 °C. 
The treated unstructured PMMA was then sandwiched with the structured PMMA and allowed to 
cool to room temperature for one hour. 
The relative transparency of PMMA to microwave energy has been used to selectively heat 
the ~1 µm interstitial layer between the structured and unstructured pieces. This can be performed 
by depositing a metallic layer such as gold on the PMMA faces (Lei et al., 2003). The metallic layer 
will then absorb the microwave energy resulting in heat generation and thus a localized melt of the 
polymer. Devices bonded with this technique were able to withstand over 100 psi of pressure. The 
incorporation of metal into the channel surface is a drawback of this technique. Therefore, 
conductive polymers have also been used to weld PMMA pieces (Yussuf, Sbarski, Hayes, Solomon, 
& Tran, 2005). Laser bonding can be used to bond a piece transparent to the laser wavelength and a 
second piece that is absorbent (J. Chen, Zybko, & Clements, 2005). The laser can then be directed 
through the transparent piece and into the absorbing piece. Such localized melting has also been 
accomplished using ultrasonic welding (Jensen et al., 2004). 
UV radiation has also been used to aid in the bonding of PMMA (Truckenmüller, Henzi, 
Herrmann, Saile, & Schomburg, 2004). When exposed to high intensity UVC, the photodegradation 
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of PMMA chains results in a decrease of the Tg of the exposed surface. Due to the relatively poor 
penetration of the UV into bulk PMMA, this effect is only seen in the top few microns of the bulk 
PMMA. A bonding temperature selected between the Tg of the bulk PMMA and that of the irradiated 
PMMA allows for a strong seal without thermal distorsion of the channel walls. The Tg of various 
commercial sample of PMMA was found to decrease from approximately 100 °C to approximately 
40 °C following 10 J/cm2 of UV irradiation. A reduction of the Tg from 105 °C to 80 °C was seen 
following a treatment of 4 J/cm2 of UV (Rabus et al., 2007). The bonding principle is similar another 
technique that deposits lower molecular weight PMMA onto the unstructured bottom via spin 
coating (Li et al., 2005). In both cases, the bonding temperature is then selected below that of the 
bulk PMMA, and above that of the surface PMMA. Another benefit of the UV irradiation is the 
increased hydrophilicity of the PMMA surface.  
A UV intensity of 14 mW/cm2 at 254 nm in combination with ozone reduced the water 
contact angle of the PMMA from 80.3° to 25.3° following 24 minutes of exposure (Tsao, Hromada, 
Liu, Kumar, & DeVoe, 2007). The stability of the hydrophilic surface was maintained following one 
hour at 90 °C. Similarly, oxygen plasma has also been used to facilitate bonding below the Tg of the 
bulk PMMA (Klank et al., 2002). Althought the details of the plasma treatment were not given, the 
authors suggested the decrease in surface Tg as one possibility for successful bonding. 
 
3.5 Surface Activation 
 
The surface properties of PMMA are critical when used as a substrate for microchannels, 
particularly in the applications of nanobiotechnology. Recently much research has been conducted 
in order to improve the hydrophilicity of the surface (Chai, Lu, Li, & Kwok, 2004). In addition, the 
functionalization of the surface has resulted in the successful immobilization of biomolecules such 
as DNA probes (Situma, Moehring, Noor, & Soper, 2007; Soper et al., 2005) and antibodies (Rucker 
et al., 2005; B. Wang, Oleschuk, Petkovich, & Horton, 2007). Although PMMA can be modified in 
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bulk to incorporate various functional groups (J. Wang et al., 2005), this section will focus on surface 
modifications of native PMMA as this allows for retention of the desirable bulk mechanical, 
physical and optical properties. 
When exposed to UV/ozone, PMMA experiences a cleavage of the methylester groups 
resulting in a carboxyl functional group (Llopis, Osiri, & Soper, 2007; Truckenmüller et al., 2004; 
Tsao et al., 2007). The UV/ozone treatment causes a scission of the PMMA side chains and to a 
lesser extent the PMMA backbone (Truckenmüller et al., 2004). UV alone has been shown to 
provide ~1.3 nmol/cm2 of carboxyls (Llopis et al., 2007). Following the UV treatment, soluble short 
chains lie unbound on the surface of the PMMA. Comparison of UV treated PMMA with and 
without rinsing show a significant increase in water contact angles by removal of the small chain 
polymers (Ponter, Jones, & Jansen, 1994). Although these shorter chains contain carboxyl available 
for covalent bonding, the bonded moiety will not have an attachment to the bulk PMMA and 
therefore can be removed when in solution. When the UV is coupled with ozone treatment, the 
initial exposure reduced the water contact angle from 80.3° to 25° following 25 minutes of exposure. 
Following a rinse of up to 4 hours with DI water, the contact angle was increased to approximately 
58° through the removal of soluble polymers.  Experiments using UV alone have shown a larger 
increase in water contact angle following rinsing suggesting that the UV/ozone provides a more 
stable hydrophilic surface than UV alone (Wei, Vaidya, Patel, Soper, & McCarley, 2005). X-ray 
photoelectron spectroscopy (XPS) analysis determined an initial increase in oxygen atoms of 24.5% 
to 36.9% following UV/ozone treatment. After the sample was rinsed with DI water, the oxygen 
content was stabilized at 32%. The treatment of UV alone showed an increase of 22.6% to 25.4% 
oxygen following approximately the same UV dosage. 
When exposed for 2 hours to a deep UV source with a peak at 254 nm and power of 15 
mW/cm2, carboxyl groups were generated on the surface of PMMA with a density of 1.55 nmol/ 
cm2 while accounting for changes in surface roughness and area (Wei et al., 2005). The total energy 
for this treatment was 108 J/ cm2.  A 10 minute treatment provided only 0.66 nmol/ cm2 of carboxyl 
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coverage. Other researchers have used radio isotope labeling of the carboxyls and found a peak 
density of approximately 40 pmol/cm2 after 15-20 minutes of a treatment of 15 mW/cm2 of UV 
(Situma et al., 2005). This treatment is equivalant to approximately 13.5 – 18 J/cm2. IT should be 
noted that the quntification of carboxyls in this and many studies used the conjugation of an 
aminated marker molecule to the carboxyl. This type of quantification gives a good estimate 
although the conjugation efficiency could often be low resulting in an underestimation of carboxyl 
surface density. When UV, ozone, and UV/ozone treatments were conducted on PMMA in an 
aqueous system, all three treatments resulted in an increase in contact angle (Murakami et al., 2003). 
This study also found slight changes in surface roughness following treatments of up to 60 minutes.  
Absorption spectra were determined for PMMA treated with UV at different intensities 
(Rabus et al., 2007).  The effect of main chain scission and side chain abstraction results in an 
increase in refractive index of the exposed surface, correlating with the UV exposure dosage. 
PMMA patterned with UV can therefore be used in the development of polymer waveguides in 
which the UV exposed core is surrounded by a native PMMA cladding (Wei et al., 2005).  
Plasma can also be used to add functionality to the surface of PMMA. A ten second air 
plasma treatment (100 mTorr, 20W) was found to induce the formation of carboxyl groups with a 
210 ± 80 nmol/cm2 density (Brown et al., 2006). This surface activation was used to increase 
bonding strength. The use of oxygen plasma was also found to increase hydrophilicity of PMMA. 
A 60 second treatment (200mTorr, 200W) was able to aid in hydrophilic protein adsorption 
following microcontact printing (Schmalenberg, Buettner, & Uhrich, 2004). In another application, 
pulsed DC plasma treatment (1kHz, 1kV) was used to investigate the surface effects on PMMA 
(Chai et al., 2004). The effect of the plasma on the contact angle reached a plateau after only five 
seconds of treatment. This was due to the introduction of polar functional groups to the surface. 
XPS analysis determined the polar groups to be a combination of carbonyl and carbonate groups. 
The plasma treatment also resulted in an increase in zeta potential and surface charge density.  
A combination of plasma and UV can have a large effect on the hydrophilicity of PMMA. 
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Here, the surface was first pretreated with 0.15 torr NH3 plasma after which a water contact angle 
of 10° was reported. Following the plasma pretreatment, hydrazine was placed on the surface and 
reacted with a Xe2 excimer lamp for one minute. The authors reported a final contact angle of 7°. 
Beyond one minute there is an increase in water contact angle possibly due to surface etching. BSA 
adsorption on the cationic surface was increased 1.7 fold over the native PMMA. It can therefore 
be seen that hydrophilicity and surface charge are both critical to protein adsorption kinetics.  
 
3.5.1 Surface modification of the PMMA 
  
In order to reduce protein adsorption, hydrophilic polymers with a neutral charge can be 
grafted on the PMMA surface (Liu, Pan, Woolley, & Lee, 2004). Following an oxygen plasma 
treatment (80W 100 mTorr) the initiator, 2-bromoisobutyryl bromide was reacted to surface 
hydroxyls. Poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) was then reacted with 
the surface to yield a branched structure. The resulting water contact angle was reduced from the 
native 65.7° to 38.6°. The grafting procedure termed atom-transfer radical polymerization, also 
resulted in a reduction in electroosmotic flow and adsorption of BSA. A similar process has been 
converted to a one-step procedure where a “brush-like” branched coating consisting of PEGMEMA 
copolymer with butyl methacrylate is immobilized on the polymer surface (Bi et al., 2006). Similarly, 
a reduction in water contact angle, electroosmotic flow and BSA adsorption was observed. 
Nitric acid (HNO3) is a strong oxidizer which has also been used to modify the surface of 
PMMA (Shah et al., 2006). In these experiments, the surface was functionalized in order to facilitate 
electrostatic adhesion of a surface coating selected to reduce non-specific adsorption. In these 
experiments, a 3M HNO3 solution was allowed to contact the surface briefly. Although the effect of 
the HNO3 alone was not reported, the treatment in conjunction with adsorption of 
hydroxypropylmethylcellulose (HPMC) was able to reduce the water contact angle from 64° to 
31.6°.  
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 The immobilization of DNA probes to the surface of a PMMA microchannel is important in 
the development of a PMMA-based nucleic acid analysis system that find their application in 
genomics and micro-Total Analysis Systems (µ-TAS). DNA probes can be functionalized with a 
number of active groups such as amines, thiols and silanes. The immobilization of the DNA probe 
can either be performed by first functionalizing the surface and then conjugating the DNA probe or 
by a one-step process where the probe is directly immobilized to the existing PMMA side chain. 
Situma et al. used UV light for initial surface functionalization resulting in a carboxylated surface 
(Situma et al., 2005; Situma et al., 2007). Amine functionalized DNA probes were then conjugated 
to the surface using water soluble carbodiimide chemistry. A 15 minute UV (15 mW/cm2 at 1 cm) 
surface treatment provided sufficient functionalization for a probe density of ~41.5 pmol/cm2 as 
measured by radio isotope labeling. A similar technique was employed by Diaz-Quijada et al. in 
which ozone was used for the initial surface carboxylation (Diaz-Quijada et al., 2005). Acid 
hydrolysis has also been used to carboxylate a PMMA surface (Brown et al., 2006). It was shown 
that a 20 minute soak in 3M H2SO4 at 60 °C resulted in a surface carboxyl density of 240 nmol/cm2. 
The same study reported a carboxyl surface density of  210 ± 80 nmol/cm2 when subjecting the 
PMMA surface to 10 seconds of air plasma (100 mTorr , 20W) (Figure 3-4 a). Carboxyl formation 
has also been accomplished by immersing the PMMA in a 1:1 NaOH:methanol solution at 60 °C 
for 2 hours (Patel, Thakar, Wong, McLeod, & Li, 2006). This study aimed to control cell adhesion 
by first carboxylating the surface and then immobilizing a diaminated PEG. The remaining free 
amine on the PEG was then conjugated to a peptide. A comparison was made between the method 
using carboxylation functionalization and a direct conjugation of the diaminated PEG and PMMA 
surface in a high pH environment. The peptide surface density was found to be significantly higher 
on the latter. The surface chemistries were not well quantified and therefore the efficiency of the 
diaminated PEG to carboxylated surface conjugation is unknown. It is also unknown if there is a 
preference in either method for immobilization of both PEG amines on the surface resulting in fewer 
free amines for peptide conjugation.  
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Figure 3- 4: Surface modicication of PMMA. (a) Air plasma, UV/Ozone and acid catalyzed 
hydrolysis have all been used to form carboxyl groups on a PMMA surface. (b) Lithium aluminim 
hydride has been shown to functionalize the PMMA surface with a hydroxyl group. The hydroxyl 
can then be used to further modify the PMMA functionalized silane groups. 
 
 
Ozone oxidation has been used to immobilize PEG acrylate (Kim et al., 2001; Y. G. Ko et 
al., 2001).  PEG acrylate was conjugated to the surface peroxides of the oxidized PMMA surface. 
The peroxide concentration following a four hour ozone treatment was found to be greater than 650 
nmol/cm2. The result was approximately 90% reduction in cell adhesion.  
A single-step DNA immobilization method has also been developed by Fixe et al (Fixe, 
Dufva, Telleman, & Christensen, 2004b). This method utilized a basic environment to immobilize 
either amine or thiol terminated DNA onto the PMMA surface. The authors suggest the basic 
environment stimulated a nucleophilic attack of either the DNA thiol or primary amine on the 
PMMA ester bond. The reaction was carried out for 20 minutes and provided a surface coverage of 
approximately 5 pmol/cm2. This reaction was initially used to immobilize hexamethylene diamine 
in order to aminate the PMMA surface (Fixe, Dufva, Telleman, & Christensen, 2004a) (Figure 3-5). 
In this experiment, it was believed that the primary amine on one end of the hexamethylene diamine 
would be immobilized leaving the primary amine of the other end free for future surface 
modification. The surface density of primary amines was 0.29 nmol/cm2. This surface density is 
much higher than that of the DNA immobilization. This could be due to the higher concentration of 
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hexamethylene diamine in the immobilization solution. Although the surface coverage was not 
quantified, this chemistry was also used to immobilize polyethyleneimine (PEI) resulting in 
increased electroosmotic flow (EOF) and a reduction in the surface adsorption of cationic proteins.  
 
Figure 3- 5: Amination of a PMMA surface. (a) Hexamethylene diamine conjugated using a high 
pH buffer to promote an SN2 reaction. (b) The SN2 promoter DMSO used to conjugate ethyleme 
diamine to PMMA. (c) A highly reactive lithiated diamine used for surface modification. 
 
As microfluidic devices get smaller, the surface area: volume ratio increases. The increase 
in this ratio has been found to be critical when dealing with protein adsorption. A study was 
conducted to investigate the adsorption kinetics of proteins on PMMA using bovine serum albumen 
(BSA) as a model (S. H. Lee & Ruckenstein, 1988). The study found that maximum adsorption 
occurred around the proteins isoelectric point. At the isoelectric point, the protein has a zero net 
charge and a globular configuration. Therefore, there are fewer repulsive forces between the proteins 
and they require fewer adsorption sites on the surface.  In addition, the adsorption occurred in 
multilayers with the very strongly adsorbed BSA on the surface and weakly adsorbed BSA forming 
the second layer. This study looked at the BSA adsorption properties of several materials in addition 
to PMMA. The other materials, which included siliconized glasses, hydrogels and glass all exhibited 
weaker BSA adsorption properties than PMMA.  
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 The nucleophilic attack of a primary amine on the PMMA ester can also be mediated by use of 
an SN2 promoter such as the polar aprotic solvent dimethylsulfoxide (DMSO). Brown et al. used a 
1M ethylene diamine in DMSO solution to aminate a PMMA surface (Brown et al., 2006). This was 
done by immersing the PMMA in the ethylene diamine solution for 20 minutes at room temperature. 
Using fluorescamine labeling, the surface density was determined to be 13 ± 5 nmol/cm2. It was 
noted, however, that exposure of the PMMA to DMSO for periods longer than 20 minutes resulted 
in irreversible changes to surface clarity.  
 Lithiated molecules have also been used to modify the side chain of PMMA. N-
lithioethylenediamine was used to functionalize a PMMA surface with a ~5 nmol/cm2 amine density 
(Llopis et al., 2007). Cheng et al. used lithium aluminum hydride to hydroxylate the side chain 12 
(Figure 7-4,b). Once the surface contained hydroxyl groups, it could then be organiosilane modified 
to functionalize with a thiol, primary amine or fluorinated carbon chains. A lithiated diamine has 
also been used to directly aminate the PMMA surface (Henry et al., 2000; Henry & McCarley, 2000). 
The amine density was determined to be 6.85 ± 0.60 nmol/cm2. Similar to the DMSO treatment, the 
optical clarity was found to be compromised if the PMMA remained in the N-lithioduamine solution 
greater than 10-15 minutes. Water vapor plasma has also been used to hydroxylate the surface of 
PMMA (Long, Prakash, Shannon, & Moore, 2006). A 90 second 150W treatment was able to lower 
the contact angle of PMMA from approximately 64° to 25°. The surface was the treated with 
trichlorosilanes providing a functionalized surface. 
 
3.5.2 Passivation of the PMMA surface 
 
PMMA is considered to be a fairly inert polymer. This property changes as the surface area 
to volume ratio increases as seen with microfluidics. Biomolecules such as enzymes, antibodies and 
DNA have been found to non-specifically bind to surfaces such as silicon resulting in difficulty in 
carrying out enzymatic reactions or biomolecule separation. Surface passivation techniques can be 
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used to disrupt the biomolecule adsorption on the polymer surface. There are generally two 
categories of surface passivation techniques employed with microfluidics. Static passivation 
involves the covalent immobilization of a less-reactive molecule on the surface of the channel. 
Dynamic passivation involves the addition of a passivating agent into the reaction mixture at the 
time of use. Both techniques have been employed successfully with PMMA devices.  
Polyethylene glycol (PEG) is a common surface passivation molecule due to its high 
compatability with biomolecules. It has been shown to successfully reduce non-specific adsorption 
of biomolecules when covalently bound to the PMMA surface (Bi et al., 2006; Liu et al., 2004). 
Both PEG and polyvinylpyrrolidone (PVP) have been used as a dynamic surface passivation agent 
during PCR in silicon chips (Lou, Panaro, Wilding, Fortina, & Kricka, 2004; Xia, Hua, Srivannavit, 
Ozel, & Gulari, 2007).  
A study of surface charges following hot embossing showed that the bottom of the embossed 
device contained the highest concentration of carboxylic acids (Johnson et al., 2001). PMMA 
microchannels have been found to adsorb monoclonal antibodies following overnight incubation 
(Locascio, Perso, & Lee, 1999).  
The effect of oxygen plasma on the cell adhesion properties of a PMMA surface have also 
been studied (Ozcan & Hasirci, 2007). The study found that with increasing oxygen plasma power, 
the water contact angle dropped and the surface oxygen content increased as expected. There was 
also an increase in surface free energy from 32.6 to 42.17 mJ/m2 following the 300 W treatment. 
The adhesion of 3T3 cells was increased following a 100 W treatment of oxygen plasma. Following 
a 300 W treatment, the cell adhesion decreased suggesting that there is an optimal surface 
energy/hydrophilicity for 3T3 cell adhesion.  
3.6 Conclusion 
 
PMMA is well suited to the fabrication and prototyping of microfluidic devices due to its low 
cost and fabrication properties. The surface of PMMA can be easily modified using chemical and 
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physical methods to immobilize biomolecules, reduce cell adhesion, incorporate waveguides or 
facilitate bonding. Variation between manufacturers can make prototyping difficult since process 
parameters need to be optimized. However, PMMA still is an excellent material for small scale 
prototyping and also large scale production. In summary, the ease of microchannel designing, the 
straightforward fabrication techniques, and the low-cost and rapid fabrication of the device are 
important parameters in rapid prototyping of PMMA microfluidic systems. There is a great potential 
for simple and rapid production using such polymer fabrication methods. And PMMA-based 
systems will certainly become essential material for disposable Lab-on-a-Chip system in the years 
to come. 
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CHAPTER 4 
DEVELOPMENT OF A CAPILLARY-DRIVEN, MICROFLUIDIC, NUCLEIC ACID 
BIOSENSOR 
 
4.1 Introduction 
Rapid detection technologies with high selectivity and sensitivity for pathogenic bacteria 
are critical in food safety, environmental monitoring, and clinical diagnosis (Lui et al., 2009). In the 
analysis of complex biological samples, conventional laboratory-scale technologies include culture 
and colony counting which involve a pre-enrichment or selective enrichment step followed by a 
biochemical test (Abd-el-Malek & Rizk, 1958; Deisingh & Thompson, 2002), immunological 
techniques, polymerase chain reaction (PCR) or reverse transcriptase PCR (RT-PCR). Although 
these approaches can allow for low limits of detection, most of them present problems of complex 
sample handling, lengthy time requirements, high consumption of expensive samples or reagents, 
and they do not afford the necessary limit of detection and specificity towards the target. 
Microfluidics-based lab-on-chip systems offer several advantages over existing techniques (Dutse 
& Yusof, 2011; Sanvicens, Pastells, Pascual, & Marco, 2009). The lab-on-chip includes all detection 
steps in one device allowing assays to become more repeatable by limiting user error. A major 
benefit of miniaturization is portable devices for the onsite detection of pathogens (Lauri & Mariani, 
2009). A precise fluid control and flow stability are also critical for successful diagnostics in 
microfluidics-based systems. However, traditional microfluidics relies on external equipment such 
as syringe pumps, tubing, microscopes or computers for operation. These components are not ideal 
for resource-limited settings which require portability and durability (Chin, Linder, & Sia, 2007; 
Yager, Edwards, Fu, Helton, Nelson, Tam, & Weigl, 2006). Current passive fluid handling 
techniques like capillary pumps, gravity-induced flow and air-evacuated PDMS pump are gaining 
some research momentum due to their simplicity and ease of operation (Henares, Mizutani, & 
Hisamoto, 2008). The integration of multiple microfluidic technologies is required for performing 
an entire point- of-care (POC) assay, and it is increasingly recognized as a central technical 
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challenge in developing functional lab-on-a-chip devices (Wootton, 2010). 
We have developed a method of rapid prototyping of microfluidic chips at low cost. 
Polymer substrates are appealing materials for mass production due to the ease of microfabrication 
techniques such as injection molding, compression molding, extrusion, hot embossing and 
replication. They are considered as a low-cost alternative to the silicon- or glass- based MEMS 
technologies, for single -use disposable biosensors (Mathur et al., 2009; Nugen, Asiello, & 
Baeumner, 2009; Nugen, Asiello, Connelly, & Baeumner, 2009). More importantly, electroless Ni-
PTFE plating techniques on the copper mold provided fast and integrated separation of the 
embossed structures from the mold without breakage during hot embossing process. 
Our UV-bond microfluidic chip, which consists of conjugate pad and absorbent pad, is a 
surface driven capillary flow device. It allows for the development of disposable and portable 
diagnostics with the benefits of lateral flow assay, eliminating the need for external pumps and 
controls. UV irradiation provided long-term hydrophilicity on the PMMA channel surface and 
enable strong capillary flow.  
Moreover, we present microfluidic assay format which can successfully be used to produce 
a functional low-cost diagnostic device to be used in resource-limited areas. Magnetic beads have 
been used in immunoassays and in various reactions involving enzymes, proteins, and DNA for 
magnetically controlled transport (Niemeyer, 2001). Magnetic beads were used as capture probes to 
improve the limit of detection due to increased capture efficiency. The ability to separate them from 
a reaction mixture by an external magnetic field, increased surface area and ability to be transported 
in biological systems and reacting medium is an advantage over conventional support systems. 
 
4.2. Device Fabrication 
 
4.2.1 Channel Design 
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Our system consists of self-priming microfluidics with sealed conjugate pads of reagent 
delivery and an absorbent pad for additional fluid draw. The channel has a total length of 0.18 m 
and a width of 500 µm. The height of the channel was targeted at approximately 40 µm resulting to 
a volume of approximately 3.6 µl. Two inlet poles respectively allow for sample and 
chemiluminescence buffer additions. (Figure 4-1 a) 
 
4.2.2 Copper Stamp Fabrication 
 
We fabricated a copper-based stamp with raised structures for microfluidic channels and 
demonstrated successful replication of the stamp microstructure on poly (methyl methacrylate) 
(PMMA) substrates. The copper hot embossing masters were fabricated using photolithography and 
electroplating (Figure 4-1 b). A copper plate with a polished mirror finish was cut into 5 cm × 5 cm 
squares, and cleaned with 1 % Microsoap-90 (Cole Parmer, IL, USA ) at 60 ºC in ultrasonic cleaner 
(Branson, CT, USA), rinsed with distilled water 3 times, then dried with nitrogen gas. Next, the 
copper plate was treated in UV Ozone cleaner (Jelight, CA, USA) for 1h, rinsed with distilled water 
and again, nitrogen gas dried. A negative photoresist (SU-8 2050, MicroChem, MA) was deposited 
onto the center of the copper square and spun for 5 seconds at 500 rpm, 100 rpm/s and then 30 s at 
1000 rpm, 300 rpm/s to obtain a thickness of approximately 80 µm. The plate was then baked at 95 
ºC on a level surface for 5 min followed by gradual cooling to 37 ºC. The resist was patterned by 
exposure to UV light (Karl SUSS MA6 Mask Aligner, SUSS MicroTec) through a 365 nm long pass 
filter. A post-exposure bake for 6 min at 95 ºC was followed by developing for 3 min in SU-8 
developer with mild agitation, then rinsed with isopropanol alcohol (Fisher Scientific, USA) and 
dried with nitrogen gas. 
Electroplating was performed at room temperature using Acid Copper Plating solution 
(Caswell, NY, USA), which at a current density of 0.582 mA/mm2. Current was applied to the 
electroplating bath to produce approximately 80 µm tall copper structures on the exposed copper 
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surface, resulting in the raised microchannel design. After plating, the SU-8 layer was stripped off 
the copper plate by immersed in 95 ºC deionized water for 20 min. The copper plate was then rinsed 
with sulfuric acid to wash off SU-8 residues, and rinsed with distilled water.  
 
Figure 4- 1: (a) Demonstration of PMMA chip fabrication through hot embossing, laser ablation, 
and UV-assisted thermal bonding (b) Device fabrication. Copper Master Stamp was fabricated using 
photolithography, electroplating, electroless Ni-PTFE plating. 
 
4.2.3 Electroless Ni-PTFE Plating of Copper Stamp 
 
A release layer was deposited on the stamp surface by electroless Ni-PTFE (EN-PTFE) 
plating to increase the performance of copper stamp during de-embossing. Electroless Ni Coating 
Kit (MacDermid, CT, USA) was used to produce a composite of electroless nickel phosphorus and 
occlude sub-micro particles of Teflon® (polytetrafluroethylene, PTFE). EN-PTFE bath was made 
up with 20% by volume nickel particles (ELNIC 101-C5, MacDermid) and PTFE particles (Niklad 
ICE, MacDermid).  
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4.2.4 PMMA Chip Fabrication 
 
Hot embossing was used to fabricate microfeatured channel patterns on PMMA substrates 
using a hydraulic press with heated platens (Carver, NJ, USA). The microfeatures in the copper 
stamp included microchannel arrays of approximately 80 µm in depth and 400 µm in width. PMMA 
discs of 1.6 mm thickness were utilized as the molding substrate. Prior to hot embossing, PMMA 
sheets were cut into 45 mm × 50 mm squares, ultrasonicated in 15 % 2-propanol (Fisher Scientific, 
USA) for 15 min at 25 ºC, and rinsed 3 times with distilled water, then placed in 80 ºC vacuum oven 
(1k Pa) (Lab-Line, IL) for 12 hours to remove any volatiles that could result in outgassing during 
embossing process. The PMMA substrate was then sandwiched between the copper master and a 
glass plate for the duration of the embossing cycle which consisted of 16 kN applied force at 120 
ºC. Then the copper master, PMMA and glass plate were removed and cooled to room temperature. 
Following the cooling process, the PMMA was removed from the copper master due to the EN-
PTFE release layer.  
The embossed PMMA discs were then visually inspected under microscope. Inlets, outlets 
and chambers for conjugated pad and absorbent pad were made by laser ablation (EpilogLaser, CO, 
USA). In this case, the laser was used due to the thickness limitations of the copper master using 
photolithography. Ideally, the chamber for the conjugate and absorbent pads would have been 
incorporated onto the master. 
Vapor bonding (Ogilvie et al., 2010) was used to bond unstructured PMMA to the embossed 
PMA resulting in a sealed channel. Prior to bonding, the bonding surfaces of the embossed PMMA 
and unstructured PMMA were UV treated for 6 min in UV/ozone cleaner. The purpose of this UV 
treatment was to provide a hydrophilic surface on the PMMA surface. Following UV treatment the 
PMMA pieces were placed in a closed chamber 3 cm above a chloroform (Fisher Scientific, USA) 
bath at 25 ºC for 3 minutes. After the pieces were removed the conjugated and absorbent pads were 
placed into the laser ablated chambers and the structured and unstructured PMMA pieces were 
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pressed together. Then the combined chip was placed into the hydraulic press (Carver® Lab Press, 
USA). A force of 500 kN was applied with an embossing temperature of 37 °C for 4 minutes. The 
final chip dimensions were 4 cm × 2.7 cm × 0.3 cm (l × w × h) (Figure 4-2).  
 
4.3 Nucleic Acid Detection 
We used a yeast rRNA sequence as the target of the chemiluminescent assay (Table 4-1). In 
order to characterize the assay, a synthetic DNA sequence was used which was truncated (Eurofins 
mwg operon, AL, USA). The HRP-streptavidin (Streptavidin-Horseradish Peroxidase Conjugate, 
Thermo Scientific, USA) was directly conjugated to a biotin-modified nucleic acid reporter probe. 
The biotin-modified capture probe was immobilized to streptavidin-coated super paramagnetic 
beads (Dynabeads® MyOneTM Streptavidin T1, Invitrogen Dynal AS, Oslo, Norway). 
 
Figure 4- 2: (a) Photo of a PMMA chip with conjugated pad and absorbent pad compared with one 
cent; (b) Photo of empty PMMA chip holder; (c) PMMA chips in a holder and holder cover; (d) 
PMMA chip in a holder ready for microchip reading. 
 
 
Table 4- 1: Nucleic Acid Sequence 
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4.3.1. Pretreatment of Conjugate Pad 
 
Eighty microliters of 1 × 10-3 g/ml HRP-StAv and 100 µl of 20 µM reporter probe was 
mixed and incubated at room temperature with agitation for 45 minutes, and then blocked with 18 
µl 10 % BSA buffer for 20 min with mild agitation. Then the solution was then mixed with 90 µl of 
12 % sucrose solution. The solution was applied to three pieces of 10 mm × 16 mm conjugate pad 
(Conjugate Pad Grade 8975, PALL® Life Sciences, USA) which were then dried for over 24 hours 
at room temperature. The dried conjugate pads were cut into 2 mm × 8 mm pieces for use in chip 
fabrication. 
Fifteen microliters of the streptavidin-coated magnetic beads was washed following the 
manufacturer’s instructions, and resuspended to 30 µl with PBS buffer. The beads were then mixed 
with 30 µl 2 µM capture probe and incubated at room temperature with agitation for 45 minutes. 
The magnetic beads were then washed with PBS buffer 3 times and resuspended to 60 µl with PBS 
buffer. 
 
4.3.2. Chemiluminescence Assay Detection 
 
The sample solution consisted of 10 µl of target DNA and 10 µl of the magnetic capture 
beads. Ideally, this would represent the product of isolation from a lysed yeast sample. Samples 
containing 0, 25, 100, 300 and 600 fmol of target nucleic acid were tested. The sample solution was 
prepared by hybridizing 10 µl of target with 10 µl of the magnetic beads for 20 minutes. The sample 
was added to the microfluidic chip through a sample port and allowed to wick into the conjugate 
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pad. The sample immediately hydrated the conjugate pad and released the reporter probe allowing 
hybridization to begin. The solution continued to flow through the hydrophilic microchannel 
towards the absorbent pad at a controlled rate. In order to allow flow to continue, 20 µl of PBS 
buffer was added into the chip which also served as a washing step. In the conjugate chamber, the 
hybridization of the probes formed a reporter-target-capture sandwich complex and continued to 
flow towards the capture zone under the capillary forces of the absorbent pad. With the aid of a 
magnet in the capture zone, the beads (with or without bound target) were localized onto the surface 
of microchannels. After the beads were captured and rinsed in the chamber (approximately 10 
minutes) a luminol–H2O2 solution (SuperSignal® West Pico Chemiluminescent Substrate, Thermo 
Scientific, USA) was added to the inlet port and allowed to flow toward the capture zone. An 
imaging station (Kodak, Rochester, NY) and multimode microplate reader (Biotek® Synergy 2, 
USA) were used for detection and binding confirmation. 
 
4.4 Results and Discussion 
 
4.4.1 Fabrication of PMMA Microfluidic Chip by EN-PTFE Plated Copper Molding  
Our fabrication method offered a robust and fast way for low-cost thermoplastic 
microfluidic chip development, including EN-PTFE plating on copper master mold and solvent 
bonding with increased accuracy of replication process. 
 
4.4.1.1 Characterization of EN-PTFE Plating 
 
The copper mold surfaces with varying concentrations of EN-PTFE were examined by 
atomic force microscopy (AFM), scanning electron microscopy (SEM), and water contact angle. 
Atomic force microscopy (AFM) was used to quantify surface roughness, and the results showed 
that PTFE particles would make the surface rougher (Veeco Corp., Santa Barbara, Calif., U.S.A.). 
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The samples surfaces with PTFE particles were imaged on a JOEL 6320FXV field emission 
scanning electron microscope (SEM) (Peabody, Mass., U.S.A.) (Figure 3-3).  
 
 
Figure 4- 3: SEM Examination of copper stamp surfaces (a) pure nickel plating; (b) EN-24 % PTFE 
(c) EN-48% PTFE. 
 
The most useful method for characterizing hydrophobicity (that is, wettability) on solid 
surfaces is contact angle measurement (Gao & McCarthy, 2009; Morra, Occhiello, & Garbassi, 
1990; Ogilvie et al., 2010; Strobel & Lyons, 2011). Large contact angles indicate highly 
hydrophobic surface, which suggest high PTFE concentration on sample surface. Contact Angle θ 
of pure Ni plating, plain copper, EN-24% PTFE plating, and EN-50 % PTFE plating (3 
measurements on each of samples) were measured on a DSA100 (Kruss, Hamburg, Germany) as 
33.41° ± 0.25, 40.77° ± 0.93, 97.76° ± 0.24 and 101.64° ± 0.28 respectively (Values are means of n 
= 3 determinations ± standard deviations). The contact angles for the water increased from 
approximately 40° (hydrophilic) to approximately 101° (hydrophobic) in proportion to the plated 
PTFE concentration. Contact angle result showed that electroless plating with 24 % and 50 % PTFE 
both increased the hydrophobicity of surfaces compared to plain copper plate. 
 
4.4.2 Nucleic Acid Detection via Chemiluminescence 
 
4.4.2.1 Visual Inspection 
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Images from the Kodak imaging station were able to detect the chemiluminescent reaction. 
The absorbent pad which contained the unbound HRP reporter complex as well as the flowing 
luminol-H2O2 displayed a high degree of chemiluminescence as expected (Figure 4-4). In the figure, 
the reaction in the detection chamber can also be seen. 
 
Figure 4- 4: Photos of chemiluminescence signals (a) Sample solution contains magnetic beads and 
PBS; (b) Sample solution contains magnetic beads and target nucleic acid 
 
 
4.4.2.2 Microreader Detection 
A plate holder with four PMMA chips was placed into the multimode microplate reader for 
20 minutes following the luminol/H2O2 addition. Samples containing 0, 25, 100, 300 and 600 fmol 
of target nucleic acid were tested. The chemiluminescent reaction measured over 20 minutes (Figure 
4-5a) displayed higher peaks with increasing target concentrations. These signals were integrated 
and plotted for a dose response curve (Figure 4-5b). Using the 0 + 3SD calculation the limit of 
detection was estimated to be approximately 1 fmol. 
 
4.5 Conclusions 
We have demonstrated a microfluidic platform which requires no pumps and contains many 
of the necessary reagents within the device. We have also introduced a method to improve the de-
embossing issues associated with hot embossing of PMMA. By using a PTFE coated embossing 
master, we eliminate the need for applied release layer which could result in substrate 
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contamination. Within the PMMA microchannels, fluid transport was achieved through capillarity 
flow generated by the UV surface modification and the application of an absorbent pad. 
 
Figure 4- 5: Results from chemiluminescent assays. (a) A comparison of the chemiluminescent 
signals over time between the 0 fmol control (dotted lines) and 25 fmols (solid lines). (b) A dose 
response curve was constructed by integrating the chemiluminescent signals over time. The data 
represent a minimum of three replicates with the error bars representing the standard deviation. 
 
 
The microfluidic platform is a hybrid of traditional microfluidics and lateral flow assays. 
Using the advantage of both methods will allow the development of an assay for resource -limited 
areas. Although our assay, required the use of a photomultiplier tube, the transduction method could 
easily be converted to electrochemical which would allow a more portable device. 
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Chapter 5 
AUTOMATING FLUID DELIVERY IN A CAPILLARY MICROFLUIDIC DEVICE 
USING LOW-VOLTAGE ELECTROWETTING VALVES 
 
5.1 Introduction 
Microfluidics and the miniaturization of biosensors have gained increased interest as 
analytical tools for medical diagnostics (RW.ERROR - Unable to find reference:3384), drug 
delivery and synthesis (RW.ERROR - Unable to find reference:3383) and biological applications 
(RW.ERROR - Unable to find reference:3385). The analysis mimics traditional bench-top lab 
performance in a miniaturized lab-on-a-chip (LOC) device, and it exhibits many advantages, such 
as reduced reagent consumption, rapid result readout and multiplexed analysis (Novo, P. et al., 2013). 
However, commercial deployment of microfluidics remains a challenge in many applications due 
to the requirement for a complex fluid handling system.  
Pressure-driven flow microfluidics typically require syringe pumps, tubing and other fluid 
interconnects, and are often bulky and expensive which limits their portability (RW.ERROR - 
Unable to find reference:3386). Alternatives to pressure-driven flow have been motivated by the 
desire to miniaturize and simplify device designs for improved portability and decreased cost. 
Electrokinetic methods such as electroosmotic flow which do not require an active pump, do require 
high voltages for transport (Stone et al. 2004). Although microfluidics have demonstrated a high 
potential in diagnostics, the practical limitations mentioned earlier have limited their deployment as 
commercial devices. When designing microfluidic sensors for resource-limited settings such as sub-
Saharan Africa or remote portions of South America, additional considerations must be given 
(RW.ERROR - Unable to find reference:2689; RW.ERROR - Unable to find reference:1105). The 
ideal device must be easy to use, low-cost and give rapid results.  
Capillary flow microfluidics is a good alternative to active pumping due to the lack of 
external pumps (RW.ERROR - Unable to find reference:3222). One of the most beneficial 
characteristics is the ability to transport liquids without the need for external pumps which simplifies 
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the system and allows it to be further miniaturized. This simplicity is one of the reasons lateral flow 
assays, which incorporate capillary driving forces, are a popular method for diagnostics. The 
capillary flow within a microfluidic device is governed by several factors including the channel 
dimensions, liquid viscosity, and contact angle between the surface and solution. As most assay 
reagents are aqueous and polymeric substrates used for microfluidics are hydrophobic, reduction of 
the contact angle through surface modification has been an interesting area of research. 
Modeling of the fluid flow in rectangular capillary channels has been proposed by Jong et. 
al (RW.ERROR - Unable to find reference:1074). They reported a final governing equation of: 
 
Where t is time (s), n is the viscosity of the fluid (Pa s), L is the length of the flow at time t (m),  
is the density of the fluid (kg/m3), g is gravity (m/s2) H is the height of the fluid in the inlet reservoir 
(m), h is the height of the channel (m), σ is the surface tension of the fluid (N/m) and θ is the contact 
angle between the fluid and surface (°). These modeling experiments were conducted in a 
hydrophobic channel using silicone oil as the media and therefore no surface modification was 
required. The above model provided a good fit to the experimental data. 
Given these parameters, it is possible to manipulate fluid flow by altering the contact angle 
between a solution and microfluidic channel wall. Establishing domains of varying hydrophobicity 
within a microfluidic channel has previously been used to create a “time gate” where fluid flow 
rates slowdown in order to allow for an incubation period (RW.ERROR - Unable to find 
reference:1090). Varying hydrophobicity has also been used to create a mixer within a microfluidic 
channel (RW.ERROR - Unable to find reference:1087). A surface coating is the most commonly 
used method to establish hydrophilicity such as the patterning of polyvinyl chloride with cellulose 
acetate to enable capillary flow (RW.ERROR - Unable to find reference:1088).  
Electrowetting (EW) is the phenomenon where the wettability of a surface can be altered 
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with an applied potential. The surface consists of an electrode covered with a hydrophobic dielectric 
coating such as polytetrafluoroethylene (PTFE). When a potential is applied across the electrode, 
the surface hydrophobicity fluctuates to a lower contact angle. Electrowetting has been used for the 
discrete movement of liquid droplets across a plane as well as within a microfluidic channel (Pollack 
et al. 2002). Unfortunately, most microfluidic applications require significant voltages. Therefore, 
efforts have been made to decrease voltages by reducing the thickness of the dielectric layer (Saeki 
et al. 2001). 
While this has been demonstrated using electrowetting on dielectric (EWOD) to manipulate 
the movement of droplets (RW.ERROR - Unable to find reference:3161; RW.ERROR - Unable to 
find reference:1160; RW.ERROR - Unable to find reference:2679), EWOD has also been used for 
microfluidic valves to control fluid flow (RW.ERROR - Unable to find reference:3217; RW.ERROR 
- Unable to find reference:1159). Satoh et al. demonstrated the valves in a PDMS channel over glass 
using sputter-coated gold electrodes (RW.ERROR - Unable to find reference:1159). In this case the 
contact angle was shifted from 72° to 25° following the voltage increase. The gold electrode 
contained a carbonaceous layer resulting in the initial hydrophobicity. We have previously 
demonstrated the actuation of a valve with low-voltage (RW.ERROR - Unable to find 
reference:3217). The thin hydrophobic layer required only a -0.9 V potential for the hydrophilicity 
shift. Mérian et al. used a fluorinated monolayer on a silver electrode to achieve an initial contact 
angle of ~148.1°. Following a 4.0 V potential, the contact angle was reduced to 21.9°. This valve 
was demonstrated in a single straight channel using 1M KCl.  
Although the final cost of a device is significantly influenced by the materials selected, the 
method of manufacture also must be considered. Ideally, low-cost devices would be manufactured 
in a continuous process with a high and efficient output. We are entering a new era of microfluidics 
biosensors which is seeing a focus shift to low-cost platforms such as paperfluidics and roll-to-roll 
manufacturing (Lee 2013). Roll-to-Roll processing of Lab-on-a-Chip devices has been 
demonstrated to produce high volume devices with a low cost (Liedert et al. 2012, Vig et al. 2011). 
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Vig et el. constructed microfluidic separation devices on cellulose acetate film. The microchannels 
were thermally imprinted and roll-to-roll lamination was used for device sealing. The team was able 
to produce 360 devices/hour using this continuous method. A cost analysis of the device estimated 
each device to be 0.5 euros (approximately $0.66) for materials and manufacture. 
Electrodes for microfluidic devices are commonly patterned using either photolithographic 
methods which involves the sputtering or evaporation of metals (Nugen et al. 2009), or screen 
printing where a conductive paste is patterned through a mesh (Noh et a. 2010). While 
photolithographic methods can offer exceptional feature sizes, the process is expensive and 
therefore not always applicable for high throughput, low-cost devices. Additionally, continuous 
fabrication of electronics using gravure coating of electrodes can be accomplished on a Roll-to-Roll 
manufacturing line (Noh et a. 2010). This method offers the advantage of small feature sizes and 
low-cost. Inkjet-printing of electrodes offers the advantage of rapid prototyping and targeted 
patterning (Fukuda et al. 2013, Kwon et al. 2013, Lee et al. 2013, Perelaer and Schubert 2013, Ando 
and Baglio 2011). Inkjet printing has also been paired with Roll-to-Roll manufacturing for 
continuous processing (Perelaer and Schubert 2013). 
In this paper, we introduced a low-cost, pump-free, capillary flow-driven microfluidic chip 
that can coordinate the flow of three reagents. The device is designed to allow future manufacturing 
using roll-to-roll assembly by incorporating flexible polymer films. We have additionally utilized 
inkjet printing for the low-cost patterning of electrodes. We have previously examined the chemical 
effects during this non-reversible electrowetting process and demonstrated a single electrowetting 
valve actuated PET-based microfluidic device (RW.ERROR - Unable to find reference:3217). We 
have designed and fabricated two prototypes of microfluidic devices. The first prototype contained 
a single electrowetting valve in a straight microchannel. Using this design, the effect of the applied 
voltage on the valve actuation times as well as the effect of the distance between the electrodes has 
been elucidated. Our second microfluidic device prototype contained three electrowetting valves for 
automating sequential fluid delivery.  
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5.2 Materials and Methods 
The first microfluidic prototype design was a single straight microchannel for 
characterization of the electrowetting valve. This device consisted of an 81 µm pressure-sensitive 
adhesive (PSA) tape (Adhesives Research, Glen Rock, PA), sandwiched between a 127 µm 
poly(ethylene terephthalate) (PET) film (3M, St. Paul, MN) and a 1.6 mm rigid poly(methyl 
methacrylate) (PMMA) sheet (McMaster Carr, Santa Fe, CA). The second microfluidic device 
prototype consisted of laser-cut fluidic channels patterned in an 81µm PSA tape and sandwiched 
between two127µm flexible PET films, a 1.6 mm PMMA sheet was put on top of the flexible chips 
to increase durability (Fig. 4-1). For both devices, prior to printing, the PET and PMMA were 
sonicated in 15% 2-propanol, rinsed, and dried with nitrogen. 
All patterns (channels and electrodes) were initially designed using AutoCAD (Autodesk, 
San Francisco, CA). The electrodes were printed onto both the PMMA and PET substrates using a 
Fuji Dimatix Inkjet Materials Printer (Dimatix DMP 2831, FujiFilm, Santa Clara, CA). A 
nanoparticle-free Ag-ink was used for printing the electrodes. The ink was synthesized using a 
procedure modified from previous reports (RW.ERROR - Unable to find reference:3382). Briefly, 
0.5 g of silver acetate was vortex mixed into 1.25 mL aqueous ammonium hydroxide at room 
temperature for 15 seconds. Formic acid (0.1 mL) was then titrated into the solution dropwise for 
60 seconds (vortex mixing after each drop). The solution was undisturbed for 12 hours and then 
filtered through a 220 nm syringe filter (Millipore Millex®, Billerica, MA). This clear solution, 
which contained 22wt% silver, served as the reactive silver ink. 
 
5.2.1 Laser Cutting 
A 40 Watt CO2-laser system (Epilog Laser, Golden, CO, USA) was used to cut through the 
pressure sensitive adhesive, PMMA and PET film. In the first device model, the PMMA was cut 
with the laser in vector mode at 40 % speed, 25% power; 5000 Hz. The PET was cut with the laser 
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in vector mode at 40% speed, 5% power; 5000 Hz. For the pressure sensitive adhesive, the film was 
cut in vector mode at 32% speed, 5% power; 5000 Hz. A straight microchannel was laser ablated in 
the PMMA using vector mode at 40 % speed, 7 % power; 350 Hz, 500 focus. The off focus function 
of the laser system resulted to a height of about 230 µm of microchannel. In the second device 
model, the settings for cutting through PMMA, PET and PSA tape remained the same as the first 
microfluidic model. For continuous flow, an absorbent pad (CF5, Whatman, England) was 
incorporated into the device. A 1 mm deep cavity was laser ablated into the PMMA for the absorbent 
pad. For the absorbent pad cavity, the laser was used in raster mode with 30% speed, 65% power; 
5000 Hz. 
 
Figure 5- 1: Schematic representative of microfluidic device consisting three electrowetting 
valves.A) the individual components of the microfluidic device consisted of (a) silver electrodes 
prind on PET. The electrodes were modified with a hydrophobic monolayer. (b) A pressure sensitive 
adhesive with laser ablated channels. (c) An absorbent pad for continued capillary flow. (d) A 
conjugate pad containing dye. (e) Unmodified silver electrodes on PET. (f) A PMMA layer to allow 
for a deeper sample well. B) All layers were adhered together to enclose the microchannels. 
 
 
5.2.2 Electrode printing 
The electrodes were inkjet-printed onto the cleaned PET and PMMA surfaces using a 1 pL 
drop size. Prior to printing, both substrates were exposed to 7 minutes UV irradiation (254 nm, 30 
mW/cm2, Jelight Company, Inc., Irvine, CA). This treatment was performed to increase 
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hydrophilicity of the polymer surface for improved printing quality. The temperatures of the 
printhead and plate stage were both set to 30°C. The drop spacing of the pattern was set to 15 µm, 
which lead to a print resolution of 1693 dpi. 10% by volume of 2,3 butanediol was added into the 
reactive silver ink, which served as both a humectant and viscosifying aid (RW.ERROR - Unable to 
find reference:3382). Ink droplets were produced using an ejection frequency of 2 kHz, and a driving 
voltage of 40V. A custom ejection waveform was generated in order to reduce satellite droplet 
formation and provide reliable inkjet printing. After printing, the electrodes were sintered at 90 °C 
for 1 hour. Fig. 5-2 shows the electrodes printed on the PET film. 
 
Figure 5- 2: A) Flexible electrodes made by inkjet printing B) Inkjet-printed Ag electrodes on a 
PET substrate film 
 
5.2.3 Electrowetting valve characterization 
The surface morphology of the inkjet-printed silver electrodes on PET substrate was 
observed by scanning electron microscope (SEM) (FEI Company, Hillsboro, OR). The height of the 
electrode was examined using a Zeta 20 3D optical profiler (Zeta Instruments, San Jose, CA) with 
bottom illumination, and analyzed using Zeta 3D software (version 1.5). 
To examine the relationship between the voltage needed to open the valve and the actuation 
time, a microfluidic chip (not shown) containing a straight microchannel and a single electrowetting 
valve was made. 1H,1H,2H,2H-Perfluorodecanethiol (HS(CH2)2(CF2)7CF3, 97%) was used to forma 
hydrophobic monolayer on the silver electrode (Sigma–Aldrich Corp., St. Louis, MO). A solution 
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of 6 mM perfluorodecanethiol (PFDT) was prepared in deoxygenated absolute ethanol (200 proof). 
Modified Ag electrodes were made by manually pipetting 3 µl of the 6 mM PFDT solution directly 
on a 1mm × 15mm Ag electrode, and to form a self-assembled monolayer (SAM).  This device 
model included a transparent PMMA layer with a non-treated Ag electrode (1 mm × 15 mm), a 
double-sided PSA film containing a microfluidic channel as a middle layer, and another PMMA 
with PFDT modified Ag electrode (1mm × 15 mm) as a bottom layer. The distance between two 
electrodes was 1, 3 or 6 mm separately. 
In the second microfluidic device, modified Ag electrodes were made by immersing the 
bottom PET films into a 2 mM PFDT solution for 3 hours to form the hydrophobic insulator, then 
rinsed with ethanol and DI water, and dried with nitrogen gas. Prior to bonding, top PET film was 
exposed to UV for 11 minutes, creating the hydrophilic surface for capillary fluid flow. A PMMA 
layer was adhered on top of this PET film to increase durability and allow for buffer inlet. As a 
result, microfluidic channels containing three electrowetting valves were fabricated. This 
microfluidic device included a transparent PET film with inkjet-printed Ag electrodes as a bottom 
PET layer, a double-sided PSA film with a thickness of approximately 81 µm containing 
microfluidic channels as a middle layer, a top PET layer containing PFDT modified Ag electrode, 
and a PMMA layer contained an absorbent pad and a conjugate pad (Fig. 5-1). 
 
5.2.4 Capillary flow requirements 
In order to prevent capillary flow within the microfluidic channel, the hydrophobicity would 
have to be raised to a critical contact angle. The required contact angle was determined by the 
following formula (RW.ERROR - Unable to find reference:1074):  
 
The dimensions of the microfluidic channel were inserted into the equation and the contact angle 
(θ) required for no within the channel (t≥0 for L=1 mm). From this model it was determined that a 
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contact angle of >90° was required for flow to stop within the channel. Surfaces with a contact angle 
measurement less than this critical angle would result in a decreased velocity of the sample solution 
but not a complete stop. Therefore the functionalized electrodes required a contact angle of  >90° 
in order to result in a stop in fluid flow. It should be noted that given this model, a contact angle 
above 90° should always stop fluid flow due to a negative cosθ. 
 
5.3 Results and discussion 
 
5.3.1 Electrowetting valve characterization 
Valve operation in the microfluidic device was evaluated, visually, by employing a 
conductive solution (1 × PBS buffer, pH 7.4) mixed with 5% blue food dye. Fluid moved uninhibited 
through the microchannel until reaching the modified Ag electrode. Once encountering the modified 
electrode valve, the capillary flow stopped. When the potential was applied, the flow continued past 
the modified electrode until it reached the end of the microfluidic channel. The time and voltage 
used to open the valve was also investigated quantitatively in the first microfluidic model. In 
addition, multiple electrowetting valves actuation was evaluated in the second microfluidic model 
containing three electrowetting valves (Figure 5-5), visually, by employing three different 
conductive solution (1 × PBS buffer, pH= 7.4) mixed with 5% blue, yellow and red food dye 
separately.  
The result from surface morphology of the inkjet-printed silver electrodes on PET substrate 
showed a rough surface with porous structure (Figure 5-3).    
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Figure 5- 3: Scanning electron microscopy (SEM) images of the surfaces of printed silver electrodes 
sintered at 90 °C for 30 min 
 
The electrode thickness was determined to be 54.9 ± 13.5 µm (n=3) using optical 
profilometry. The surface morphology of the inkjet-printed silver electrodes (prior to monolayer 
modification) on PET substrate was analyzed by SEM (Fig. 5-3). The printed silver electrode 
sintered at 90 °C for 30 minutes presented an irregular surface. The inset, displaying higher 
magnification, showed irregular crystalline structures, which can be formed by evaporation of 
solvent in the ink, or entrapped air bubbles during sintering. The silver electrodes become 
conductive after sintering, indicating the formation of conductive path. The monolayer modified 
silver electrodes showed similar surface structure (Fig. 5-4).  
Contact angle measurement was used for monolayer surface characterization. After 
modified by PFDT monolayer, the contact angle of the silver electrode was 162.3 ± 6.7° (n=3), with 
full wetting following actuation. We have also quantified the surface chemistry of the silver 
electrodes using X-ray photoelectron spectroscopy (XPS) previously (RW.ERROR - Unable to find 
reference:3217). The surface chemical composition of PFDT modified silver electrode showed the 
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presence of fluorine and sulfur which confirmed that the formation of a PFDT SAM was successful 
achieved. The results also showed that there were enhanced grafting of PFDT SAM following UV-
treatment of the silver electrodes, due to increased hydrophilicity after UV-treatment. 
Following deposition, the silver electrode contained well-defined crystalline structures as 
is shown in Fig. 5-4 (a). After the electrode was treated with the hydrophobic coating, the surface 
appeared physically damaged by the multiple washing steps as shown is shown in Fig.5-4 (b). 
Additionally, the initial contact angle after monolayer modification showed significant variation 
(150.7 ± 8.0) due to the high variability of silver electrode surface roughness. While the high surface 
roughness allowed an overall hydrophobic surface, some surface characterization methods such as 
ellipsometry were difficult and therefore not reported.  
 
 
Figure 5- 4: Scanning electron microscopy (SEM) images of the surfaces of printed silver electrodes 
(a) prior to PFDT monolayer surface modification (b) after PFDT monolayer surface modification. 
Both surface showed inconsistent surface roughness due to the ink solvent evaporation during the 
sintering process. 
 
In our EW experiment, we have used a 3 µl sessile droplet of electrolyte solution (1× PBS) 
for the electrowetting experiment, and the voltage was applied from 0 V to 4 V. It was observed that 
at 2.0 V the contact angle change requires a longer actuation time (~ 2 minutes), but at 3 V and 4 V 
the contact angle changes appreciably within a short time (~ 2 seconds). We have also performed 
EW experiment with a 3 µl sessile droplet of 1× PBS solution containing 5% blue food dye. In these 
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experiments it was observed that at 3 V the contact angle also changed within 2 seconds. The change 
in contact angle with food dye was slightly larger (~17°) than the test with no food dye. We observed 
the phenomena in both tests that the apparent contact angle would reduce rapidly at a critical voltage 
(3.0 V). The critical voltage may represent the transition from the Cassie-Baxter to a Wenzel regime 
(Dai and Zhao, 2008).  
 
5.3.2 Fluidic timing 
Using 1× PBS buffer (mixed with 5% blue dye, pH 7.4) as a model solution, we measured 
the actuation time to open a closed valve as a function of the voltage and the distance between two 
electrodes in the valve, using a straight microchannel in PMMA chip. The results are shown in 
Figure 5-5. The distance between two electrodes, and was set to be 1 mm, 3 mm, and 6 mm 
respectively. The time used to open the valve was found to increase when the distance between two 
electrodes increased, and the time was found to be decreased when the voltage added to open the 
valve increased. The results suggest that a voltage as low as 2V was enough to actuate the valve, 
but increased voltage resulted in a much faster response. Similarly, as expected, increasing the 
distance between electrodes required a larger voltage to actuate the valve within 1 second.  
 
Figure 5- 5: (a) A dose response curve was constructed by integrating the voltage over time when 
the distance between two electrodes were 1mm. The data represent a minimum of three replicates 
with the error bars representing the standard deviation. When no voltage was added, the 
hydrophobic electrode was able to stop the solution over 12 minutes. (b) A dose response curve was 
constructed by integrating the voltage over the distance between two electrodes. The voltage used 
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to open the valve was able to actuate within 1 second. The data represent a minimum of three 
replicates with the error bars representing the standard deviation. 
 
5.3.3 Automating device operation 
Operations of normally closed electrowetting valve within a capillary driven microfluidic 
device were demonstrated, shown in Figure 5-5. It was shown that the device was able to deliver 
the solutions sequentially. The order of the valve actuation could be seen in the microchannels as 
well as the absorbent pad. 
 
Figure 5- 6: The actuation of the multivalve. (a) A transparent PBS solution was added at the sample 
inlet; the red dye in the conjugate pad was released from the membrane and stopped at the valve. 
Two other solutions were added (1x PBS buffer with 5% yellow and blue food dye) and stopped at 
the valves (b) the valve for the blue solution was opened (c) blue solution reached the absorbent pad 
by capillary flow (d) the valve for the yellow solution was opened (e) yellow solution reached the 
absorbent pad by capillary flow (f)  the valve for the red solution was opened (g) red solution 
reached the absorbent pad by capillary flow (h) Additional blue solution would not be stopped once 
the valve was opened. 
 
Food dye was used as a visual aid in the valves actuation tests. The sequential delivery of 
the solutions could be seen in the absorbent pad which had a tiered color scheme following the 
experiment. We have showed that using food dye did not change the critical voltage because in both 
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cases the contact angle changed rapidly at 3.0 V. And we observed no color change in the multiple 
valves actuation as is seen in Figure 6. Therefore, we speculate that food dye did not has a significant 
effect on the critical voltage and the impact of electrochemical degradation of food dye on 
electrowetting could be neglected during valve actuation, due to the short actuation time (less than 
5 seconds) and low voltage (less than 5V).  
 
5.4 Conclusion 
In this study, we have demonstrated on-chip electrowetting valves concept on a capillary 
polymeric microfluidic device. The device contained electrowetting valves for automating fluid 
delivery. The valves were fabricated by inkjet printing of reactive silver ink, and modified with 
hydrophobic monolayer. The valves could be actuated at a low voltage (4 V), which allows for 
portable battery-powered devices (such as three 1.5V AAA battery or watch batteries). The potential 
required to open the valve was applied to the electrode for a short time (less than 5 seconds), and 
therefore the valve is relatively fast actuating.  
Besides, the device was developed using low-cost materials. The size of the device could 
be miniaturized by using AAA batteries instead of a large power supply. The portability and low-
cost makes this device promising for point-of-care devices to be used in low resource settings. We 
believe that this technique will simplify the operation of microfluidic devices and could potentially 
allow for the performance of more complex assays in an autonomous fashion. 
The ability to sequentially deliver solutions during in a capillary microfluidic device could 
significantly increase the complexity of assays low-cost tests. The power requirements on the chips 
is not significant and therefore would not require a larger controller. Future experiments could 
integrate a low-cost electrochemical reader with the control device to allow for transduction in a 
biosensor. 
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Chapter 6 
A HYBRID PAPER AND MICROFLUIDIC CHIP WITH ELECTROWETTING VALVES 
AND COLORIMETRIC DETECTION 
 
Sequential fluid delivery with minimal external equipment is vital towards a point-of-care 
diagnostic device. In this work, we have further developed the Electrowetting Valves concept for 
the sequential delivery of the reagents to the reaction site in a miniaturized capillary-driven 
microfluidic chip. Specifically, a disposable polymeric microfluidic device was developed 
containing capillary force driven microchannels. The device was fabricated using laser ablation and 
inkjet printing and required no external pumping equipment. The assay was conducted on the 
microchip containing microfluidic channels with embedded electrowetting valves and a porous 
membrane patterned with capture molecules and colloidal gold labels. To conduct the assay, the 
microchip was connected with low voltage supply (3.0 V) which was capable of sequentially 
opening the valves, delivering sample and rinsing reagent to generate visual results. Using T7 
bacteriophage as a model, we have demonstrated the development of the device, operation of the 
valves and execution of the automated assay. 
 
6.1 Introduction 
Over the last decade, micro total analysis system (µTAS) or Lab-on-a-Chip (LOC) integrated 
microfluidics have become a powerful platform for complex bioassays and global health (Chin, 
Linder, & Sia, 2007; Yager et al., 2006). These microfluidic systems enable the miniaturization, 
integration and automation of biochemical assays into a portable device capable of performing 
complex tasks (Haeberle & Zengerle, 2007; Whitesides, 2006). LOC technology can enable a 
reduction in assay time and reagent use while increasing portability. However, reagents are often 
manually pipetted into the inlets serially and transported using negative pressure or delivered with 
syringe pumps (Linder, 2007). Both methods require external mechanical equipment which is 
significantly larger than the chip itself. The additional equipment requirements add complexity, 
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labor and cost to the finished device possibly making it  less appropriate for point-of-care analysis 
in resource-poor environments (e.g., in developing countries or outside the laboratory 
environment)(Sia & Kricka, 2008; Yager, Domingo, & Gerdes, 2008). 
Lateral flow (immuno) assays (LFAs) are currently used for qualitative, semi-quantitative 
and to some extent quantitative monitoring in resource-poor or non-laboratory environments. 
Although the LFAs are considered easy to use and inexpensive, they are limited to simple assays 
and are not designed for complex reactions requiring sequential fluid delivery. These limitations 
will have an effect on the final sensitivity and limit of detection of the devices(Posthuma-Trumpie, 
Korf, & van Amerongen, 2009). To address the limitations, paper-based microfluidic devices have 
been developed, to allow incorporation of multistep processes for improved sensitivity, while 
retaining the advantages of conventional lateral flow tests. Recently, several methods have been 
developed for liquid delivery within the paper-fluidic devices. For example, two-dimensional paper 
networks (2DPNs)(Fu, Kauffman, Lutz, & Yager, 2010; Fu et al., 2011; Fu et al., 2012; B. R. Lutz, 
Trinh, Ball, Fu, & Yager, 2011); dissolvable sugar applied to paper to create programmable flow 
delays(B. Lutz et al., 2013); fluidic diode-based trigger and delay valves in a single layer of paper to 
control liquid wetting(H. Chen, Cogswell, Anagnostopoulos, & Faghri, 2012); paper channel 
sandwiched between two flexible films to accelerate flow of water through paper by 10-
fold(Jahanshahi-Anbuhi et al., 2012). 
Ideally, a hybrid device exhibiting the benefits of both microfluidics and lateral flow assays 
could be designed for low-resource settings. A device relying on capillary flow for fluid delivery 
would require a method to start and stop flow if multiple solutions are to be delivered sequentially. 
One strategy to control capillary flow is to manipulate the contact angle between the sample solution 
and microchannel surfaces. Electrowetting (EW)(Jones, 2002) and Electrowetting on dielectric 
(EWOD)(Cho, Moon, & Kim, 2003) are principles that can control wettability of liquids on solid 
surfaces using electric potential(J. Lee, Moon, Fowler, Schoellhammer, & Kim, 2002; Pollack, 
Shenderov, & Fair, 2002). EWOD has been used to manipulate the movement of droplets(Brassard, 
 66 
 
Malic, Normandin, Tabrizian, & Veres, 2008; Pollack, Fair, & Shenderov, 2000; Ren, Fair, Pollack, 
& Shaughnessy, 2002), for microfluidic valves(J. Cheng & Hsiung, 2004; Mérian et al., 2012; Satoh, 
Yokomaku, Hosono, Ohnishi, & Suzuki, 2008), for micropumps(Laser & Santiago, 2004; Nisar, 
Afzulpurkar, Mahaisavariya, & Tuantranont, 2008; Yun et al., 2001)  and for integrated digital 
microfluidics systems(Brassard et al., 2008; Sista et al., 2008; Srinivasan, Pamula, & Fair, 2004). 
Low-voltage EWOD is of special interest for the application in resource-limited settings. Moon et 
al. have demonstrated low-voltage EWOD by changing the contact angle from 120° to 80° following 
15 V potential(Moon, Cho, Garrell, & Kim, 2002). Mérian et al. have also showed a reduction of 
contact angle of fluorinated monolayer on silver electrode, from initial 148.1° to 21.9° following a 
4.0V potential(Mérian et al., 2012). In our previous study, we have demonstrated its application in a 
paper fluidic device. The voltages tested were 0, 4, 9, 12 and 16 V with a square alternating current 
cycle of 3 seconds on and 1 second off and with electrode distances of 1.36, 4.15, and 7.31 mm. We 
observed that the time to open the valves decreased as the voltage was increased. Higher potentials 
applied to the valve, resulted in a decreased actuation time(Koo, He, & Nugen, 2013). However, the 
valve holding time was less than 1 minutes in our previous paper fluidic device, because of the 
wettability of the porous structure of nitrocellulose membrane. 
During EW process, the external voltage creates an electric field which drives oppositely 
charged species (ions or particles) to the insulator/liquid interface. The surface tension of this 
interface is effectively reduced in accordance with Lippmann’s equation (the relation between 
charge density and applied potential). The Lippmann-Young equation, which predicts the contact 
angle θe for electrowetting, is derived: 
              cos θe = cos θ0 + η 
where θ0 is the contact angle without any voltage and η = ε ε0U2/ (2dϒ) is a dimensionless 
electrowetting number, which represents the ratio between electrostatic energy per unit area and the 
surface tension(Mugele & Baret, 2005). ϒ is the surface tension, d is the thickness of insulator layer, 
ε and ε0 are the dielectric constants of the insulator film and vacuum.  
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 In this work, two electrowetting (EW) valves were designed for sequential fluid delivery using 
battery-powered low voltages; therefore, no moving parts (i.e. syringe pump) or complex high 
power supplies were needed. The structure and operation of our microfluidic chip were 
straightforward. Moreover, the device combined a rapid lateral-flow immunoassay (LFIA) using 
colloidal gold as indicator with a capillary microfluidic device. The microfluidic device consisted 
of a bottom polymer layer with inkjet-printed electrodes, a laser-ablated pressure sensitive adhesive 
channel layer, and a top acrylic layer with sample wells. A colorimetric assay is suitable for 
resource-limited settings lacking fluorescence reader (C. Cheng et al., 2010). T7 bacteriophage was 
chosen as a model analyte. The fabrication and performance of the device and its application to a 
lateral-flow immunoassay will be discussed. 
 
6.2 Experimental Section 
 
6.2.1 Chemicals and materials  
Silver ink (UTDAg40) was purchased from UT Dots Inc. (Champaign, IL). Polyethylene 
terephthalate (PET) film with a thickness of 178 µm and poly (methyl methacrylate) (PMMA) sheet 
with a thickness of 1.6mm were purchased from McMaster- Carr® (Robbinsville, NJ). Double-
sided pressure sensitive adhesive (PSA) film (ARcare® 90445) with a thickness of 81 µm was 
purchased from Adhesive Research Inc. (Glen Rock, PA).  Streptavidin coated gold nanoparticle 
was purchased from BioAssay Works® (Ijamsville, MD). T7 tail fiber monoclonal antibody and 
biotinylated T7•Tag monoclonal antibody were purchased from Novagen® (EMD Millipore, San 
Diego, CA). Slide-A-Lyzer MINI dialysis unit (Thermo Scientific, Rockford, IL) was used to 
remove the glycerol from the antibody solutions following the manual instructions. E. coli BL21 
stock was purchased from EMD Millipore (Billerica, MA) and wild-type bacteriophage T7 stock 
was purchased directly from ATCC (BAA-1025-B2, Manassas, VA) 
 
6.2.2 Preparation of T7 Bacteriophages 
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E. coli BL21 culture was grown overnight in 50 ml of Luria Broth (LB), pH 7.5, at 37 °C 
with shaking.  1 ml of overnight culture was then added to 200 ml of fresh LB and incubated at 
37 °C with shaking until an optical density (OD) of at least 0.6 at 600 nm was reached (an OD of 
0.627 was reached after 3.5 hours).  Then 20 µl of T7 stock was added to the E. coli BL21 culture 
and allowed to incubate, with shaking, at 37 °C for 1.5 hours.  5 g of NaCl was added to the 200 
ml culture.  The culture was then split into six 35 ml tubes and spun at 8,000 RPM  on a Fiberlite 
F21-8x50y fixed angle rotor (Thermoscientific, Waltham, MA) for 10 minutes at room temperature.  
Supernatant was collected and filtered through 0.22 µm SCFA filter (Corning Life Science, Corning, 
NY).  40 ml of this filtered culture was divided into four 13.5 ml ultracentrifuge tubes and spun at 
35,000 RPM for 2 hours on a Fiberlite F65L-6X13.5 fixed angle rotor (Thermoscientific) at room 
temperature. Supernatant was removed and pellets in each tube were resuspended in 1 ml of 25 mM 
MES buffer, pH 6.0, and then combined for a total of 4 ml of purified T7 working stock.  The titer 
(4.4 X 1011 PFU/ml) of this purified T7 working stock was determined following the double agar 
overlay plaque assay as outline by Walker et al (J. M. Walker, Clokie, & Kropinski, 2009). 
 
6.2.3 Fabrication of lateral flow test strip 
As is shown in Figure 6-1, two PSA strips (215 mm × 2mm) were first put on the position of 
10 and 33 mm respectively from the bottom of a plastic backing (215mm × 45mm). A nitrocellulose 
(NC) membrane (215 mm× 25 mm) (AE98 FAST, Whatman®) was then placed on the plastic 
backing, with 2mm overlapping with the PSA tape on both sides. The test line (1.77 µL/cm T7 tail 
fiber with a concentration of 1mg/mL in PBS buffer) and control line (1.77 µL/cm 1010 PFU/mL T7 
bacteriophage in MES buffer) were sprayed in a continuous line at the position of 9 and 16 mm from 
the bottom of the NC membrane respectively using an automatic dispensing machine (Linomat IV, 
CAMAG, Wilmington, NC, USA). The membranes were placed in a vacuum oven at 40 °C for 3 
hours to allow complete drying. In order to reduce nonspecific binding, the membranes were 
blocked by immersing the strips in a blocking solution (1% bovine serum albumen, 0.1% Tween-
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20, 98% standard buffer (150 mM NaCl, 50 mM Tris-HCl base, pH 7.4)) for 1.5 minutes, followed 
by washing in a standard buffer for 5 minutes. The strip was then dried under vacuum at 25 °C for 
2 hours. Once dried, the membrane was stored in the desiccator until use. 
 
6.2.4 Fabrication of the microfluidic chip 
All patterns (channels and electrodes) were initially designed using AutoCAD (Autodesk, San 
Francisco, CA). The electrodes were printed onto PET substrates using a Fuji Dimatix Inkjet 
Materials Printer (Dimatix DMP 2831, FujiFilm, Santa Clara, CA). The microfluidic chip was made 
of three layers: bottom PET layer containing electrodes, middle PSA layer containing microchannels, 
top PMMA layer containing inlet reservoirs and absorbent pad. 
 
Figure 6- 1: Pressure-sensitive double-sided adhesive tape (PSA) has a width of 2 mm. Polyethylene 
terephthalate (PET) has a width of 45 mm. Nitrocellulose (NC) membrane has a width of 25 mm. 
The lateral flow test strips were prepared by immobilizing the NC membrane onto a PET film using 
pressure sensitive adhesive. Test line (containing T7 tail fiber antibody) was sprayed at 9 mm from 
the bottom of the NC membrane, and control line (containing T7 phage) was sprayed at 16 mm from 
the bottom of the NC membrane. 
 
The microfluidic channels were made by laser ablating lines through the PSA film and then 
sealing the channel on top and bottom with the PMMA and PET, respectively. A 40 Watt CO2-laser 
system (Epilog Laser, Golden, CO, USA) was used to cut through the PSA film, PMMA and PET 
film. The PET films were cut at 40% speed, 5% power; 5000 Hz. The PMMA sheets were cut at 
40 % speed, 25% power; 5000 Hz. The PSA films were cut at 32% speed, 5% power; 5000 Hz. 
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Nitrocellulose (NC) membranes were cut at 60% speed, 5% power; 5000 Hz under a nitrogen 
headspace. All cuts were made in “vector” mode. 
 
6.2.5 Inkjet printing of silver electrodes 
The electrodes were inkjet-printed onto the cleaned PET and PMMA surfaces using a 10 pl 
drop size. Prior to printing, PET substrates were exposed to 9 minutes UV/ozone irradiation (254 
nm, 30 mW/cm2, Jelight Company, Inc., Irvine, CA). In addition to cleaning, this treatment 
increased hydrophilicity of the polymer surface for improved printing quality. The temperatures of 
the printhead and plate stage were both set to 30°C. The drop spacing of the pattern was set to 30 
µm, which lead to a print resolution of 847 dpi. Ink droplets were produced using an ejection 
frequency of 7 kHz, and a driving voltage of 28V. A custom ejection waveform was generated in 
order to reduce satellite droplet formation and provide reliable inkjet printing. After printing, the 
electrodes were sintered at 150 °C for 1 hour.  
 
6.2.6 Surface modification of electrowetting valve 
1H, 1H, 2H, 2H-Perfluorodecanethiol (HS(CH2)2(CF2)7CF3, 97%) was used to form a 
hydrophobic monolayer on the silver electrode (Sigma-Aldrich Corp., St. Louis, MO). To make an 
electrowetting (EW) valve, 2 µL 100 mM perfluorodecanethiol (PFDT) in deoxygenated absolute 
ethanol solution (200 proof) was manually pipetted onto the 1mm × 12mm silver electrode directly, 
after dried a same step was repeated until a total volume of 20 µL was added. After the surface 
modification of EW valve, a PSA layer was manually put on top of the PET layer. Then the laser-
cut LFA test strip was placed on the adhesive. Prior to bonding, the top PMMA layer was treated 
with UV/ozone for 6 minutes resulting in a hydrophilic surface for capillary fluid flow. The PMMA 
layer also contained inlet reservoirs and an absorbent pad for continuous capillary flow. As a result, 
a microfluidic chip containing two EW valves and a LFA test strip was fabricated. The first valve 
was designed to allow the timed incubation of the sample and colloidal gold prior to running up the 
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nitrocellulose, while the second valve timed a washing solution in order to reduce background. 
 
Figure 6- 2: (a) Lateral flow immunoassay. The lateral flow strip consisted of the nitrocellulose 
membrane with a test line and a control line. The test line consisted of an immobilized antibody 
against the T7 tail fiber. The control line consisted of immobilized T7. (b) Top view of the 
microfluidic chip. The test strip was placed into a polymer chip with valved inlets. The automated 
delivery of the chip allowed timed delivery for incubation and washing. 
 
The final microfluidic device contained a transparent PET film with inkjet-printed Ag 
electrodes as a bottom PET layer, a double-sided PSA film with a thickness of approximately 81 µm 
containing microfluidic channels and test strip as a middle layer, and a top PMMA layer containing 
inlet reservoirs and absorbent pad. 
 
6.2.7 Contact angle measurement  
Contact angles were measured on a Krüss DSA100 (Hamburg, Germany) goniometer 
equipped with a direct dosing system (DO3210, Krüss, Hamburg, Germany) at room temperature 
under atmospheric conditions in order to determine the change of wettability induced by the 
modification of the silver electrode surface. The tangent method 2 from the Drop Shape Analysis 
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software version 1.91.0.2 was used for the measurement of advancing contact angles using an 
automatic dispenser that added the water (HPLC Grade, Fisher, Fair Lawn, NJ) droplet at a rate of 
10 µl/min. For each drop, an image was recorded every 0.10 seconds and an average of all the 
recorded images was calculated to obtain a mean contact angle as a single measurement. The 
advancing contact angle values presented in this work correspond to the average of six advancing 
measurements (n=6, one measurement on each of six independent samples). 
 
6.2.8 Electrowetting measurement  
For the electrowetting experiment illustrated in Figure 6-3, a droplet of 3 µl of 1 M 
phosphate buffered saline (PBS) buffer (pH 7.4) was pipetted on the PFDT-modified electrode. The 
circle method from the Drop Shape Analysis software of the Krüss goniometer was used to measure 
the decrease of the 1 M PBS contact angle as a function of time following the applied potential 
(Extech DC power supply 382260, Nashua, NH) between the modified electrode and a wire 
electrode (25 µm diameter) which was inserted into the top of the solution droplet. The change in 
apparent contact angle was dynamically recorded.  
 
Figure 6- 3: Schematic drawing of the electrowetting experiment. The modified surfaces were 
tested for hydrophobicity as a function of applied potential. 
 
6.2.9 Conjugation of gold nanoparticles 
For the gold/antibody conjugation, 250 µL of gold nanoparticles (AuNPs) (OD is 1) were 
mixed with 1375 µl HPLC water and 2.83 µl biotinylated T7• Tag antibody with a concentration of 
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1mg/mL in PBS buffer. The mixture was incubated at room temperature with gentle agitation at 70 
RPM for 45 minutes. Following conjugation, 170 µL of 1% BSA solution in water (pH 7.4, freshly 
made and filtered before use) was added and incubated at room temperature at 50 RPM for 20 
minutes to block the open sites of the nanoparticles. The particles were then centrifuged at 5000xg 
at 4 °C for 20 minutes (Eppendorf Centrifuge 5417R, Westbury, NY). The supernatant was removed 
and the gold conjugates were resuspended in 200 µL of a 2 mM sodium borate (Borax) solution 
(OD between 2.5-3) at 520 nm using a plate reader. The conjugated AuNPs were stored at 4 °C until 
use. 
 
6.2.10 Assay conditions and procedure 
Figure 6-2 shows the schematic diagram of the assay setup. The sample solution contained 
25 µl T7 phage, 5 µl flow buffer (100 mM NaCl, 10 mMTris, 1% Tween-20, pH 7.4) and 30 µl 
conjugated AuNPs. They were mixed in a 1.5 ml centrifuge tube and incubated for 20 minutes at 
room temperature on an orbital shaker at medium speed. The 60 µL of sample solution and 60 µl 
flow buffer were placed into the sample inlet and buffer inlet, respectively. Three concentrations of 
T7 bacteriophage were tested: 109 PFU/ml, 108 PFU/ml and 0 PFU/ml. Each of the concentrations 
was repeated a minimum of three times. 
 
6.3 Results and discussion 
 
6.3.1 Inkjet-printed electrodes 
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Figure 6- 4: Flexible inkjet-printed silver electrodes on a PET substrate. The silver electrodes were 
inkjet-printed onto the substrate and modified following sintering. 
 
Figure 6-4 shows the flexible inkjet-printed silver electrodes. The relatively low surface 
tension of the ink was designed for proper wetting of low-surface-energy substrates applicable to 
flexible electronics. The inkjet-printed lines were uniform, narrow, and straight. There were no 
budging lines or undesirable “coffee ring” effects which is a common issue in inkjet printing. A 
sintering temperature and time treatment of 150 °C and 60 minutes, respectively, was chosen to 
enable compatibility with flexible electronics applications. The low processing temperature enabled 
compatibility with flexible substrates, thereby allowing demonstration of the high tolerance of 
printed silver features to bending stresses. 
 
6.3.2 Wetting Characterization 
Wang et al has shown that UV dosages ranging from 2.1 to 52.7 J/cm2 produced a 
hydrophilic surface, although the contact angle was not reported. This change in wettability was 
caused dominantly by UV induced chemical structure modification (Z. Wang, Zheng, Lim, & Lam, 
2009). Table 1 presents the apparent advancing water contact angles of the unmodified silver 
electrode (Ag), PFDT self-assembled monolayers on silver electrode (Ag_PFDT), PMMA substrate 
with and without UV treatment, PET with and without UV treatment, and PSA tape. The wettability 
of the solid substrates is represented by the contact angle of the surface and sample. Therefore, the 
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PFDT modified silver electrode has a dynamic shifting of the contact angle and it was used to stop 
capillary flow.   
 
Table 6- 1: Apparent advancing contact angle on unmodified and modified silver electrodes, and 
various substrates. The substrates are listed in native and modified states. Values represent an 
average of a minimum of three independent samples ± the standard deviation. 
 
Sample Apparent advancing contact angle 
Ag 92.1 ± 0.33 
Ag_PFDT 114.4 ± 6.86 
PMMA 74.3 ± 3.71 
PMMA_UV 47.1 ± 2.70 
PET 88.6 ± 2.87 
PET_UV 32.4 ± 5.16 
PSA 106.1 ± 14.07 
 
6.3.3 Electrowetting Experiment 
Figure 6-5 shows the evolution of the apparent contact angle of a 3 µL drop of 1 M PBS 
as a function of time when a voltage of 4 V and 2 V is applied. It can be seen that when the 
potential is applied, the surface switches from hydrophobic to hydrophilic, resulting in the 
actuation of the electrowetting valve. At 4.0 V, the change in wettability was more rapid than at 
2.0 V. At 4 V the apparent contact angle of the 1 M PBS droplet reaches 58.9° in about 10 seconds 
compared to 32.4° in about 40 seconds at 2.0 V. In both cases, a large change in apparent contact 
angle is observed:  ~57.4° and ~75.8° at 4.0 V and 2.0 V, respectively. We have also tested the 
change of contact angle at 3.0 V (data not shown), and the contact angle changed from 92.1° to 
46.6° in about 10 seconds.
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Figure 6- 5: Electrowetting experiment: variation in apparent contact angle of a 3 µl drop (1M 
PBS) as a function of time when a voltage of (a) 4.0V and (b) 2.0 V was applied with pictures of 
the drop at the beginning and at the end of the 4.0V experiment. 
 
Self-assembled monolayers are generally considered to behave as dielectric layers with a 
capacitance that is dependent on the monolayer thickness and the relative permittivity that is 
determined by the hydrocarbon tail. Therefore, the required voltage can be reduced by increasing 
the dielectric constant and decreasing the thickness of the dielectric layer, thus increasing the 
capacitance of the insulating layer(Sahalov, O'Brien, Stebe, Hristova, & Searson, 2007). The electric 
charges in the liquid are free to move, and so with the operation of the voltage the positive and 
negative charges are concentrated in different locations in the drop. The external voltage creates an 
electric field which drives oppositely charged species (ions or particles) to the insulator/liquid 
interface. The equation describes the way the percentage of wetting increases (the contact angle 
shrinks) with the increase in electric voltage. By using thin SAMs with a high dielectric constant, a 
significant contact angle change (~75.8°) has been achieved with voltages as low as 2.0 V. We have 
observed a larger change of contact angle at 2.0 V compared to 4.0 V. We speculate that it was 
caused by the inconsistent initial contact angle on the rough electrode surface, surface structure 
changes bigger at a longer actuation time at 2.0 V, or the dielectric layer on the 2.0V sample was 
thinner than the 4.0V sample.   
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6.3.4 Microchip 
As is shown in Figure 6-6, the capillary microchip design comprised two solution inlets to 
allow for the sample as well as a wash buffer. This system is scalable to accommodate more inlets 
for applications which require more steps. The microfluidic chip contained three layers, and had a 
total thickness of ~1.77 mm. The bottom PET layer had a thickness of 178 µm and contained the 
inkjet-printed silver electrodes. The thickness of inkjet-printed silver electrode was determined to 
be ~15 µm using optical profilometry. The distance between two inkjet-printed electrodes was ~ 
455 µm. The measurements were made from edge to edge between the electrodes.  
 
Figure 6- 6: (a) Top view of the microfluidic chip. (b) The distance of two inkjet-printed 
electrodes was ~ 455 µm. 
 
 
6.3.5 On-chip detection 
In Figure 6-7, dye solutions were used to visualize the flow of the solutions. The flow of 
the “sample solution” and “flow buffer” can be seen as they are sequentially released and flow up 
the nitrocellulose strip. It can be seen that both solutions pass the first electrode which is unmodified 
and flow stops on the second electrode which is modified. The applied potential was able to actuate 
the valves and allow capillary flow to continue. 
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Figure 6- 7: Visual inspection of on-chip detection using dye solutions. Each microchip has a 
sample reservoir and another reservoir for rinsing. (a) The “sample” solution (blue) and “flow 
buffer” (red) are placed into the inlets. (b-c) The sample valve is opened and the solution flows to 
the nitrocellulose strip. (d) Once the sample is spent, the second valve is opened releasing the red 
solution. (e-f) the sample is then pushed up the strip and into the absorbent pad. 
 
For the T7 test samples, the assay consisted of: 30 µl of gold NP, 25 µl of 109 T7 phage 
(approximately 4x105 PFU) and 5 µl of flow buffer was mixed and pre-incubated for 20 minutes, 
then they were added into the sample reservoir, and 60 µl flow buffer was added into the rinsing 
reservoir. The negative control consisted of: Gold NP with a volume of 30 µl and flow buffer with 
a volume of 30µl was mixed and added in the sample reservoir, and 60 µl of flow buffer was added 
into the rinsing reservoir. The test sample displayed both a test and control line on the test strip 
which indicated a positive result, and the negative control only showed a control line which 
indicated a negative result (Figure 6-8). 
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Figure 6- 8: (a1, a2, a3) T7 bacteriophage with a concentration of 108 PFU/ml was tested and 
repeated three times as is shown in a1, a2, a3. (b1, b2, b3) negative control containing no T7 
bacteriophage was tested and repeated three times as is shown in b1, b2, b3. The negative control 
did not display a prominent test line. 
 
The total immunoassay time was ~ 40 minutes. The first valve for opening the sample inlet was 
actuated at 10 minutes using 3.0 V for 10 seconds, and the second valve controlled the rinsing buffer 
was actuated at ~30 minutes using 3.0 V for 10 seconds, by which a rinsing step was added for 
reducing the background noise. 
To characterize the reproducibility of valve actuation, the distance between two electrodes 
in a valve was set at 1mm. The time used to open the valve at 3.0V was studied. 3.0V was used 
as the actuation voltage because we observed that a similar contact angle change for ~10 seconds 
at 3.0V and 4.0V, but at 2.0V it took longer time. And the detection was repeated on three 
individual microchips, and similar valves opening time (25, 30 and 32 seconds) were observed 
on all samples. We observed that the time used for opening the valve inside a channel was longer 
than the time on a substrate in electrowetting experiment at the same condition (same voltage and 
PFDT treatment). We speculate the reason is because that the substrate surface wettability affect 
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the flow rate within a capillary-driven microfluidic closed channel, so it took longer time for the 
fluid to flow pass the electrodes once the valve was open. 
Various concentrations (109, 108 and 0 PFU/ml) of T7 bacteriophage have been test and 
showed in Figure 6-9.  All of the samples had a clear control line. And the test line on the 109 
PFU/ml sample showed slightly darker pink compared to 108 PFU/ml sample. And the control 
sample showed no test line. 
 
Figure 6- 9: T7 bacteriophage with a concentration of (a) 109 PFU/ml (b) 108 PFU/ml and (c) 0 
PFU/ml were tested. 
 
 
6.4 Conclusions 
The development of fully integrated, user-friendly devices with minimal external actuation is 
applicable for implementation in low-resource settings. In this work, we have further developed the 
On-Chip Electrowetting Valves concept, for the sequential delivery of the reagents to the reaction 
site in a miniaturized capillary-driven microfluidic chip. We demonstrated its application by 
performing an on-chip immunoassay using colorimetric detection. This immunoassay required the 
sequential delivery of conjugated AuNP and a rinsing solution. The ability to rinse thoroughly the 
reaction site between assay steps is important because it reduces the background noise and improves 
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the sensitivity of assays (Linder, 2007). This platform is user friendly, because no external pumping 
equipment is needed in this platform. The time for the colorimetric immunoassay was ~ 40 minutes, 
and user could walk away after adding samples instead of waiting for the assay, because sequential 
fluid flow was controlled by embedded electrowetting valves. Therefore, the proposed concept is 
particularly promising for use in multi-step analytical assays. 
 Our proposed On-Chip Electrowetting Valves concept is versatile on various substrates, such 
as PET(Mérian et al., 2012) and nitrocellulose(Koo et al., 2013). We have also showed an increased 
the valve holding time by using a polymeric platform compared to our previous work on the paper 
platform. The size of the device could be miniaturized by using a 3V battery (i.e. two AAA batteries) 
instead of a large power supply. The portability makes this device promising for field use or in low 
resource settings. We believe that this technique will simplify the operation of microfluidic devices 
and could potentially allow for the performance of more complex assays in an autonomous fashion. 
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Chapter 7 
A DISPOSABLE ELECTROCHEMICAL MICROCHIP FOR T7 BACTERIOPHAGE 
DETECTION 
 
In this study, we have developed a disposable amperometric immunosensing microchip 
based on inkjet-printed gold working and counter electrode, and silver-silver chloride reference 
electrode for detection of T7 bacteriophage. Monoclonal T7 bacteriophage tail fiber antibody was 
immobilized on magnetic beads and used for the capture of T7 phage. T7 tag antibody was 
immobilized on glucose oxidase via avidin-biotin binding, and was used to label magnetic bead-T7 
phage conjugate. T7 phage with concentrations of 105, 108 and 1010 PFU/ ml could be detected. 
 
7.1 Introduction 
There is a continuing need for rapid, inexpensive and portable testing methods for 
foodborne pathogen detection, especially in resource-limited settings. Traditional detection 
technologies, which including isolation and amplification of the pathogenic bacteria, are time-
consuming. The number and diversity of bacteriophages in the environment provide a promising 
natural pool of specific detection tools for pathogenic bacteria (Edgar et al., 2006). 
 Bacteriophages are viruses infecting bacteria; they are extremely host-specific, able only to 
infect specific species or even strains (Hagens & Loessner, 2007). Currently there are several phage-
based methods for detection of pathogenic bacteria: fluorescence-stain labeled phage DNA for 
detection of E. coli O157:H7 in various food after pre-incubation and immunomagnetic separation 
(IMS) (Goodridge, Chen, & Griffiths, 1999); green fluorescent protein (GFP)-labeled reporter 
phages for direct detection of E. coli (Oda, Morita, Unno, & Tanji, 2004; Tanji et al., 2004); phage-
based electrochemical assays (Neufeld, Schwartz-Mittelmann, Biran, Ron, & Rishpon, 2003); 
Luciferase reporter phages (LRPs) for detection of Mycobacterium tuberculosis and viable Listeria 
cells (Banaiee et al., 2001; Loessner, Rees, Stewart, & Scherer, 1996); and detection of the release 
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of host enzymes (e.g., adenylate kinase) through phage-mediated bacterial lysis (Blasco, Murphy, 
Sanders, & Squirrell, 1998); Although phage-based detection of pathogens may not always provide 
the sensitivity of a PCR approach, it allows the distinction of living bacteria and is much more rapid 
than traditional cultivation techniques (Hagens & Loessner, 2007).   
There are some successful commercial implements for point-of-care diagnostics, such as 
lateral flow assays (LFAs) and electrochemical sensors. Lateral flow assays (LFAs) rely on capillary 
flow and qualitative visual readout. They are low cost in manufacture and user-friendly. Compared 
to conventional laboratory immunoassays (such as the enzyme-linked immunosorbent assay, 
ELISA), LFA is less sensitive, therefore they are ideal for applications with relatively high analyte 
concentration and a simple yes/no diagnostic (Myers & Lee, 2008). Electrochemical detection 
(ECD), on the other hand, provides a more versatile and quantitative analysis, especially for some 
complicated biological assays which require multi-step protocols and complex fluid handling 
(Dungchai, Chailapakul, & Henry, 2009). Another advantage of ECD is that it is good for in-field 
use because of its simplicity of the instrumentation and low electrical power requirements (Jiang, 
Lu, Dai, Xie, & Lin, 2005), such as the hand-held glucometers for monitoring diabetes.  
To detect small numbers of bacteria in environmental or clinical samples, an amplification 
step is usually required, which involves the growth of bacteria in culture to increase cell number, 
and it is time-consuming. Immunomagnetic separation (IMS) has been shown to be a very effective 
tool for the separation and isolation of specific targets from heterogeneous suspensions (Skjerve, 
Rørvik, & Olsvik, 1990). Here we present a sensitive, rapid, and simple method for detection of T7 
bacteriophages using IMS-based separation and quantitative electrochemical detection. This method 
combines biotinylation of T7 phage-specific tail fiber antibody and immobilization of the antibody 
to streptavidin-coated magnetic beads (MB). Antibody-modified MB was used for the capture and 
isolation of T7 phage. T7 tag antibody was immobilized on glucose oxidase (GOx) via avidin-biotin 
binding, and was used to label magnetic bead-T7 phage conjugate. Enzyme-based electrochemical 
analysis was then performed, using glucose determination mediated by potassium ferricyanide. 
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In addition to integrated sample preparation, the sensitive of electrochemical sensors is also 
depends on the fabrication of microelectrodes. The standard method for array fabrication is chemical 
vapor deposition (CVD) coupled with photolithography (Fourkas, 2010). Although this technique 
offers well-defined electrode fabrication, it requires multiple steps which increase the cost and 
therefore not ideal for disposable use (Jensen, Krause, Sotzing, & Rusling, 2011). Inkjet printing 
provides an attractive option due to their low cost, disposability and ease of design. Our inkjet-
printed electrodes could be easily fabricated at a low cost for single use application to avoid 
contamination and regeneration of the sensing surface. Moreover, electrowetting (EW) valves have 
been incorporated on-chip to realize automating fluid flow. We have previously demonstrated the 
EW valves application in various substrates, such as PET (Mérian et al., 2012) and nitrocellulose 
membrane (Koo et al., 2013). EW-based microfluidic instruments are highly portable because fluid 
pumping is performed electronically (R. Sista et al., 2008), and it’s therefore ideal for field-use.  
  
7.2 Experimental Section 
7.2.1 Fabrication of microfluidic chip 
7.2.1.1 Substrates and Patterns  
All patterns (channels and electrodes) were initially designed using AutoCAD (Autodesk, 
San Francisco, CA). Kapton® polyimide (PI) film with a thickness of 130 µm, polyethylene 
terephthalate (PET) film with a thickness of 178 µm and poly (methyl methacrylate) (PMMA) sheet 
with a thickness of 1.6mm were purchased from McMaster- Carr® (Robbinsville, NJ). Double-
sided pressure sensitive adhesive (PSA) film (ARcare® 90445) with a thickness of 81 µm was 
purchased from Adhesive Research Inc. (Glen Rock, PA). PMMA sheets, PSA tape and PI substrates 
were cut with a 40 W CO2-laser system (Epilog Laser, Golden, CO, USA), The PMMA sheets were 
cut at 40 % speed, 25% power; 5000 Hz. The PSA films were cut at 32% speed, 5% power; 5000 
 85 
 
Hz. The PI films were cut at 40% speed, 5% power; 5000 Hz first and then cut using a Fiskars® 
paper trimmer. All cuts were made in “vector” mode. After cutting, the substrates were cleaned in 
15 % isopropanol and DI water for 5 minutes sequentially using a sonicator (Branson Ultrasonic 
Corp., USA). Substrates were dried with N2 air, and stored in the desiccator for later use.  
 
7.2.1.2 Circuits and Electrodes.  
Silver ink (UTDAg40IJ) and gold ink (UTDAuIJ) was purchased from UT Dots Inc. 
(Champaign, IL). Electrodes were printed onto Kapton substrates using a Fuji Dimatix Inkjet 
Materials Printer (Dimatix DMP 2831, FujiFilm, Santa Clara, CA). Silver/silver chloride ink was 
purchased from Conductive Compounds (AGCL-675 Silver/Silver Choloride Ink, Hudson, NH). 
Prior to printing, PI substrates were exposed to 9 minutes UV/ozone irradiation (254 nm, 30 
mW/cm2, Jelight Company, Inc., Irvine, CA). In addition to cleaning, this treatment increased 
hydrophilicity of the polymer surface for improved printing quality. 
Silver electrodes were printed first. The temperatures of the print head and plate stage were 
both set to 30°C. The drop spacing of the pattern was set to 30 µm, which lead to a print resolution 
of 847 dpi. Ink droplets were produced using an ejection frequency of 7 kHz, and a driving voltage 
of 28V. A custom ejection waveform was generated in order to reduce satellite droplet formation 
and provide reliable inkjet printing. After printing, the silver electrodes were sintered at 150 °C for 
1 hour.  
Gold electrodes were printed after silver electrodes were conductive. Gold layers were 
printed on the position of working electrode (WE), counter electrode (CE) and electrowetting (EW) 
valves. For gold inkjet printing, 25 µm drop spacing, 3 layers mode and 16 nozzles were used; the 
other cartridge settings were the same as silver inkjet printing. After printing, the electrodes were 
sintered at 250 °C for 1 hour. 
To make the reference electrode, a stencil was made by laser cutting the reference electrode 
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pattern into a PET film using the method described previously. The stencil was then placed on top 
of the inkjet-printed array, and the opening of the stencil was filled with silver/silver chloride ink. 
The stencil was then removed, and the array was baked at 95 °C for 30 minutes to produce 
conductive tracks. 
7.2.1.3 Geometry of microchip 
A typical microchip we used had dimensions of about 31 mm in width, and about 43 mm in 
length (Figure 7-1). The width of silver wires was approximately 0.5 mm. A working electrode has 
the dimension of 3 mm×4 mm; counter electrode was 3 mm×3 mm, and a reference electrode was 
3 mm × 0.5 mm. The thickness of all electrodes was about 11 µm. The microchannels were made 
by laser cutting through a PSA/PET/PSA three layers films using the same settings described 
previously, and achieved a thickness of 340 µm.  
 
Figure 7- 1: (a) Schematic diagram shows the dimensions of a microfluidic chip. WE: working 
electrode; CE: counter electrode; and RE: reference electrode. #1 Inlet was the sample inlet, #2 was 
washing buffer inlet, #3 was electrochemical substrate solution inlet. During electroanalytical 
measurement, 10 µl of MB-T7 phage-GOx conjugates solution was added to inlet #1, 50 µl of PBS 
buffer solution was added to inlet #2, 50 µl of electrochemical substrate solution (0.3 M KCl, 100 
mM K3(Fe(CN)6), 2.5 M glucose solution in PBS buffer) was added to inlet #3 (b) Photo of a 
microfluidic chip showing the size 
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7.2.1.4 Electrowetting valves fabrication.  
1H, 1H, 2H, 2H-Perfluorodecanethiol (HS (CH2)2(CF2)7CF3, 97%) (Sigma-Aldrich Corp., 
St. Louis, MO) was used to form a hydrophobic monolayer on the gold electrode. To make an 
electrowetting (EW) valve, 3 µl of 0.56 g/mL perfluorodecanethiol (PFDT) in deoxygenated 
absolute ethanol solution (200 proof) was manually pipetted onto the 2 mm × 6 mm gold electrode 
directly, after dried a same step was repeated until a total volume of 9 µL was added. After the 
surface modification of EW valve, a channel layer was manually put on top of the PI substrate. Prior 
to bonding, the top PMMA layer was treated with UV/ozone for 6 minutes resulting in a hydrophilic 
surface for capillary fluid flow. The PMMA layer also contained inlet reservoirs and an absorbent 
pad for continuous capillary flow. As a result, a microfluidic chip containing a three-electrode-
system and 3 solution inlets was fabricated (Figure 7-1).  
 
7.2.2 Immunoassays conditions and procedures 
The conjugation steps of magnetic beads-T7 phage-Glucose oxidase (GOx) contained the 
following steps, and were shown in Figure 7-2. 
 
Figure 7- 2: The conjugation of magnetic beads-T7 phage- glucose oxidase.  
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7.2.2.1 T7 tail fiber antibody biotinylation.  
T7 tail fiber monoclonal antibody was purchased from Novagen® (EMD Millipore, San 
Diego, CA). Slide-A-Lyzer MINI dialysis unit (Thermo Scientific, Rockford, IL) was used to 
remove the glycerol from the antibody solutions following manual instruction. Specifically, 10 µl 
of T7 tail fiber antibody solution (1 mg/ml) was added into the dialysis device, then the dialysis 
device was put into a floating device in 1L 1 × PBS buffer (pH 7.4) at 4 °C for 2 hours. After dialysis, 
the antibody solution was collected and transferred to a centrifuge tube, then mixed with 1 µl of 20 
mM biotin solution (EZ-Link® NHS-PEG4-Biotin, Thermo Scientific, Rockford, IL). The mixture 
was incubated for 2h shaking at 70RPM in an ice box. After shaking, the mixture was transferred to 
another dialysis device in 1L 1 × PBS buffer (pH 7.4) at 4 °C overnight. After dialysis, the solution 
in the dialysis device was collected and transferred to a centrifuge tube and stored at 4 °C. The 
biotinylated T7 tail fiber antibody solution should be used within one day.  
 
7.2.2.2 Conjugation of magnetic beads-T7 tail fiber antibody. 
Dynabeads® MyOne TM Strptavidin T1 was purchased from Invitrogen® (Life 
Technologies, Grand Island, NY). The magnetic beads (MB) have a diameter of 1 µm, and a 
concentration of 10 mg/ml, and washed before use following the manual instructions. Specifically, 
50 µl of magnetic beads was transferred to a centrifuge tube, and 1 m L 1 × PBS buffer (pH 7.4) 
was added into the tube and the solution was resuspended for 10 seconds on a vortex. The tube was 
then placed on a magnet for 1min and the supernatant was discarded. The tube was then removed 
from the magnet and the magnetic beads were resuspended with 50 µl 1 × PBS buffer.  The tube 
was then placed on a magnet again for 1 min and the supernatant was discarded. This step was 
repeated twice for a total of 3 washes. After washing, the biotinylated T7 tail fiber antibody was 
added into the magnetic beads, and the mixture was mixed on a vortex for 30 minutes at room 
temperature, following by a washing step using 50 µl PBS buffer containing 0.1% bovine serum 
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albumin (BSA). The washing step was repeated four times to remove any unbounded antibody. Then 
the MB-tail fiber conjugates was resuspended using 100 µl PBS buffer containing 0.1% BSA, and 
the concentration of the conjugates was 100 µg/ml.  
 
7.2.2.3 Conjugation of glucose oxidase and T7•Tag antibody.  
Avidin D coated glucose oxidase (from Aspergillus niger) was purchased from Vector 
Laboratories, Inc (Burlingame, CA) with a concentration of 5.0 mg/ml, and the ratio of enzyme to 
avidin (molar) is 1.2. Biotinylated T7•Tag monoclonal antibody was purchased from Novagen® 
(EMD Millipore, San Diego, CA). 4.56 µl of Biotinylated T7•Tag antibody and 2 µl of glucose 
oxidase (GOx) were mixed and incubated for 30 minutes at room temperature. After incubation, 
166.7 µl of PBS buffer was added and GOx-T7 tag conjugate was made with a concentration of 100 
µg/ml.  
 
7.2.2.4 Preparation of T7 bacteriophages.  
Same method was used to prepare T7 bacteriophage as described in chapter 6. Specifically, 
E. coli BL21 culture was grown overnight in 50 ml of Luria Broth (LB), pH 7.5, at 37 °C with 
shaking. 1 ml of overnight culture was then added to 200 ml of fresh LB and incubated at 37 °C 
with shaking until an optical density (OD) of at least 0.6 at 600 nm was reached (an OD of 0.627 
was reached after 3.5 hours). Then 20 µl of T7 stock was added to the E. coli BL21 culture and 
allowed to incubate, with shaking, at 37 °C for 1.5 hours. 5 g of NaCl was added to the 200 ml 
culture. The culture was then split into six 35 ml tubes and spun at 8,000 RPM on a Fiberlite F21-
8x50y fixed angle rotor (Thermo scientific, Waltham, MA) for 10 minutes at room temperature. 
Supernatant was collected and filtered through 0.22 µm SCFA filter (Corning Life Science, Corning, 
NY). 40 ml of this filtered culture was divided into four 13.5 ml ultracentrifuge tubes and spun at 
35,000 RPM for 2 hours on a Fiberlite F65L-6X13.5 fixed angle rotor (Thermo scientific) at room 
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temperature. Supernatant was removed and pellets in each tube were resuspended in 1 ml of 25 mM 
MES buffer, pH 6.0, and then combined for a total of 4 ml of purified T7 working stock. The titer 
(4.4 × 1011 PFU/ml) of this purified T7 working stock was determined following the double agar 
overlay plaque assay. 
 
7.2.2.5 MB-T7 phage-GOX conjugates preparation. 
20 µl of MB-tail fiber antibody was mixed with 50 µl of T7 bacteriophage sample solution 
(T7 bacteriphage sample has a concentration of 105, 108 and 1010 PFU/mL separately, using 50 µl 
of 2.5 mM MES buffer (pH 7.4) as a negative control), and incubated with shaking for 30 minutes 
at room temperature. The conjugates were then washed with 50µl of PBS buffer containing 0.1% 
BSA using previous method. The washing step was repeated three times, and after the supernatant 
was discarded in the third wash, 20 µl of GOx-T7 tag conjugate was added and incubated with 
shaking for 30 minutes at room temperature. The conjugates were then washed three times with 
50µl of PBS buffer containing 0.1% BSA using previous method. The conjugates were then 
resuspended with 50 µl of PBS buffer containing 0.1% BSA. A MB-T7 phage conjugates solution 
was made and stored at 4 °C until use. 
 
7.2.3 Electroanalytical measurements 
7.2.3.1 Chemical Reagents.  
D (+)-glucose and potassium ferricyanide (99+% for analysis) (K3[Fe(CN)6] ) were 
purchased from Acros Organics, USA. Bovine serum albumin (BSA) and potassium chloride (KCl) 
was purchased from Fisher Scientific, USA. For cyclic voltammetry experiments, the supporting 
electrolyte was phosphate buffer saline (PBS) (0.1 M phosphate buffer, 0.05 M NaCl, pH 7). For 
amperometric detection, the substrate solution contained 0.3 M KCl, 100 mM K3[Fe(CN)6] and 2.5 
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M glucose in pH 7.4 PBS buffer. This substrate solution was prepared 24 h before use to establish 
the anomeric equilibrium between α and β forms of D (+)-glucose; it was kept at 4 °C in absence of 
light and used within a week.  
 
7.2.3.2 Electrochemical measurements.  
The measurements were carried out with a battery-powered and handheld potentiostat 
(PalmSens BV, the Netherlands) using our microfluidic chip, which contained a conventional three-
electrode system. The potentiostat was connected to a compatible personal computer, installed with 
PSTrace software. The electrodes were gold working electrode (WE) (3 mm × 4 mm), Ag/AgCl 
reference electrode (RE) (3 mm × 0.5 mm), and gold counter electrode (CE) (3 mm × 3 mm). All 
measurements were conducted at room temperature (25 ± 1 ºC) under ambient conditions. Each 
measurement was carried out in triplicates using a new microchip.  
Cyclic voltammetry (CV) was performed to characterize the working gold electrode surface 
using potassium ferricyanide. The electrochemical behavior of potassium ferricyanide (100 mM) on 
the inkjet-printed gold electrode was studied by various scan rates, 100 mV/s, 50 mV/s and 25 mV/s, 
between -1.0V and 1.0V relative to Ag/AgCl reference electrode. For amperometric experiments, 
the measurements used the substrate solution containing 0.3 M KCl, 100 mM K3[Fe(CN)6] and 2.5 
M glucose in pH 7.4 PBS buffer. A magnet was placed under WE during the detection in order to 
capture the magnetic beads. 10 µl of MB-T7 phage-GOx conjugates solution was added to inlet #1, 
50 µl of PBS buffer solution was added to inlet #2, 50 µl of electrochemical substrate solution (0.3 
M KCl, 100 mM K3(Fe(CN)6), 2.5 M glucose solution,) was added to inlet #3, as is shown in Figure 
6-1. #1 inlet was opened first, and the solution containing MB-T7 phage-GOx conjugates was 
distributed evenly in the microchannel by capillary wicking. The conjugates were captured on the 
gold working electrode by magnetic field. The rest of solution was absorbed by absorbent pad. After 
the solution dried, 50 µl of PBS buffer solution was then flow through the microchannel to wash 
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away any residues. Finally, 50 µl of electrochemical substrate solution was distributed evenly in the 
channel, and amperometric experiments were performed immediately using a 400 mV step potential 
(vs. a silver/silver chloride reference electrode) to generate the calibration curve within 200 s.  
 
7.3 Result and discussion 
7.3.1 Inkjet-printed array characterization 
Inkjet-printed electronics has a great potential for the fabrication of low cost devices. A 
single array as described here costs less than one dollar in materials to produce. In drop-on-demand 
(DOD) inkjet printing, the typical dimensions of inkjet-printed features depend on both the nozzle 
diameter and how the surface energy interaction between the droplet and the substrate (Stringer & 
Derby, 2009). PI (Tg, 385 °C) film was used in this study because the commercial gold ink required 
a typical sintering temperature of 250 °C, therefore substrates with a high glass transition 
temperature is preferred. As ink we use a commercially available dispersion of gold nanoparticles 
in xylenes, containing 40% gold by weight. To prevent line instabilities and bleeding of the ink, the 
temperature of the substrate is raised to 30 °C during printing. High quality lines are obtained using 
30 µm drop spacing and a special cartridge with a drop size of 10 pl. Prior to printing, surface energy 
of the PI substrate was modified using UV treatment to achieve a proper wetting of the ink. Typical 
dimensions of printed silver and gold tracks onto the PI films are shown in Figure 7-3. Straight lines 
were obtained after sintering, without any defects such as line-bulging or coffee-ring effects.  
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Figure 7- 3: (a) 12 chips could be inkjet-printed in a single printing job on a 15 cm×15 cm PI film. 
A drop spacing of 30 µm is used and the substrate is sinter at 260 °C. (b) Photograph of printed 
silver and gold circuit structure, which can be used for flexible electronics.  
 
 
Figure 7- 4: Optical profilometry of the electrode. (a) Ag/AgCl reference electrode (b) gold 
electrode (c) silver electrode. The height of Ag/AgCl reference electrode, gold electrode and silver 
electrode was about 13µm, 11µm and 11µm separately (data not shown) 
 
Surface topography and thickness of printed silver and gold tracks were measured using 
optical profilometry (Figure 7-4). The average height of the printed structures is 11 µm (data not 
shown). Surface topography of printed gold electrode and thiol-monolayer modified gold electrode 
were examined by Scanning Electron Microscope (SEM) using a bench-top NeoScope JCM-500 
device (Tokyo, Japan), and their images were shown in Figure 7-5.  
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Figure 7- 5: Scanning electron micrographs of electrode surfaces. (a) Pure gold electrode after inkjet 
printing and sintering at 260 ºC for 1 hour. (b) monolayer formed by pipeting 3 µl of 0.56 g/ml 
PFDT in absolute ethanol on a 5 mm × 8 mm gold electrode. 
 
The topography of pure gold electrode is shown in Figure 7-5(a). A sintering step is 
necessary to render the inkjet-printed tracks conductive. The use of nanoparticles reduces the 
sintering temperature due to their high surface to volume ratio. It has been previously observed that 
longer sintering time do not increase conductivity, and sometimes resulting in the deformation or 
decomposition of the substrate at the edges of the metal line and substrate (Perelaer, de Gans, & 
Schubert, 2006). Small particles of deposited gold nanoparticles with a diameter size less than 3 µm 
on the PI substrate are observed. Since the original size of the nanoparticles ranges from 3 to 5 nm, 
the white dots or some clusters in the sintered tracks should have been formed by melting these 
particles after the decomposition of the organic binder around the nanoparticles.   
 
7.3.2 Characterization of electrochemical microchip 
Before using the microchips for T7 phage measurement in the samples, the functionality of 
the inkjet-printed electrodes within the microchannels was established. The electrode design is 
shown in Figure 7-1. The working electrode was designed to be close to the reference electrode to 
minimize the effect of uncompensated resistance between the WE and RE (spacing around 1 mm).  
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Figure 7- 6: Cyclic voltammograms of gold working electrode at different scan rate with presence 
of 300 mM potassium chloride (KCl) and 100 mM potassium ferricyanide (K3[Fe(CN)6]) in PBS 
buffer at pH of 7.4 All of the CVs were detected under the same potential step from -1.0V to +1.0 
V vs. Ag/AgCl reference electrode. (a) Various scan rates were used: a=100 mV/s, b= 50 mV/s, c= 
25 mV/s  (b) each measurement was carried out in triplicates using a new microchip (n=3).  
 
To demonstrated proper electrode functionality, cyclic voltammetry (CV) was performed 
for characterization of three-electrode system. The buffer used in cyclic voltammetry contained 300 
mM potassium chloride (KCl) and 100 mM potassium ferricyanide (K3[Fe(CN)6]) in PBS buffer at 
pH of 7.4. After adding buffer solution at the inlet of the microfluidic channel and allowing the 
solution to wet the electrode area, cyclic voltammetry was performed. The characteristic 
voltammograms as a function of scan rate are shown in Figure 7-6. It was shown that the current 
peak increased with the increased scan rate. It was observed that the slopes of the forward and 
reverse sweeps were not identical as would be found at most of traditional electrode materials. 
However, the linearity indicates the mass transfer in this system is a diffusion controlled process 
similar to the behavior of traditional electrochemical cells (Dungchai et al., 2009). 
 
7.3.3 Analytical Performance 
After the characterization of our fabricated microchip using CV, amperometric detection 
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was conducted to evaluate our proposed analytical performance. Compared to other electrochemical 
techniques, amperometry offers a better signal-to-noise ratio and higher sensitivity (Bard & 
Faulkner, 1980). The electrochemical immunosensor system developed in this work for T7 
bacteriophage detection was based on a direct sandwich format, using glucose oxidase as the 
enzyme label and glucose/potassium ferricyanide as the substrate/mediator system (Figure 7-2 and 
Figure 7-7).  
 
 
Figure 7- 7: Schematic catalytic reaction mechanism of glucose oxidase-based electrochemical 
sensor, using potassium ferricyanide as a mediator. 
 
 
The reactions for the determination of glucose were as follows: 
 
 
In this proposed model, a pre-incubation step was needed to immobilize T7 phage with 
glucose oxidase using IMS, and the immobilized glucose oxidase was captured on the gold working 
electrode and used in amperometric experiments. In the enzyme-catalyzed step, glucose was 
oxidized to gluconic acid with the presence of glucose oxidase (GOx), and Fe (Ⅲ) was reduced to 
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Fe (Ⅱ) (eqn (1)). The Fe (Ⅱ) (CN)64- ions generated were detected using amperometric detection 
eqn (2). The corresponding cathodic reaction was described in eqn (3) (Nie et al., 2010).  
 
 
Figure 7- 8:  (a) Amperometric detection of different concentrations of T7 phage: 0, 105, 108, 1010 
PFU/ml. (b) Amperometric detection of negative control and 105 PFU/ml T7 phage. 
 
 
Figure 7- 9: The calibration plots of the anodic currents at 50 s of sampling time for the 
determination of three analytes are shown, n=3. 
 
The results of amperometric detection were shown in Figure 7-8 and Figure 7-9. Figure 7-
8 shows a representative amperometric response of the measurements of glucose, which reflects the 
concentration of T7 phage. A variety of concentration of T7 phage was used: 0 as negative control, 
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105 PFU/ml, 108 PFU/ml, and 1010 PFU/ml. The calibration plots of the anodic currents at 50 s of 
sampling time for the determination of three analytes are shown in Figure 7-9 (n=3). 
 
7.4 Conclusion 
This paper focuses on the development of a disposable electrochemical immunosensor for 
T7 bacteriophage detection as a rapid and sensitive method for future use in resource-limited 
settings. Electrochemical immunosensor present the advantages of high sensitivity of an 
electrochemical transducer and selectivity inherent to the use of immunochemical interactions. In 
this work, a sandwich format was developed where the capture antibody (T7 phage tail fiber 
antibody) was immobilized on the magnetic beads, and used for capture of T7 phage from sample 
solutions. Glucose oxidase was used as enzyme label for electrochemical catalysis. It has been 
demonstrated in this study the concept of coupling of phage-based electrochemical detection and 
disposable microfluidic chip to provide rapid quantitative measurement.  
At this stage of development, the fabricated microchip are slightly less accurate compared 
to commercial test strips, possibly due to the manual procedures we used in the fabrication. For 
example, the stencil method for making Ag/AgCl reference electrode results in slightly different 
sizes. The accuracy will improve with further engineering and attention to manufacturing details.  
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CHAPTER 8 
ADDITIONAL INFORMATION: FABBRICATION OF POLYMERIC MICROFLUIDIC 
DEVICES 
 
 
Polymers are commonly used as the substrate materials for microfluidic systems in recent 
years. Compared to traditional microfluidic substrate, such as glass or silicon, polymeric materials 
are cost effective and disposable, and the possibility of sample contamination is reduced. To 
fabricate a polymeric microfluidic device, the pattern is first design in the AutoCAD software. Three 
methods are then used for developing the microstructure in accordance with the design. The device 
is formed by microchips bonding. The device contains electronic components, and is surface 
modified for target detection.  
 
 
Figure 8- 1: Process flow diagram of polymeric microfluidic system from design to application. 
 
 
Designing a device pattern is the first processing step. Parameters consist of productivity 
issues (i.e. surface area of the device) and geometrical issues (i.e. minimum dimensions)(Rötting, 
Röpke, Becker, & Gärtner, 2002). In this study, the process from draft to 3-D design was realized 
on a computer aid program AutoCAD. Validation and improvement of design are often needed 
depending on various fabrication methods. Three fabrication methods to form microstructures are 
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used in this study: hot embossing from a mask, mill machining, and laser ablation.  
8.1 Mask fabrication 
8.1.1 Pre-cleaning 
A copper plate (2.5 inch х 2.5 inch) was immersed in 1% Micro-90 soap (Cole Parmer) in 
a 300 mL beaker, and ultrasonicated for 1 hour at 60 °C. After untrasonicating, the beaker was 
emptied, and rinsed under running tap water for 5 minutes. The rinsing step was repeated 2 more 
times. The copper plate was rinsed with DI water and dried with N2. Prior to photolithography, the 
copper plate was treated with UV Ozone for 1 hour, rinsed with DI water and dried with N2. 
 
8.1.2 Photolithography 
Channels are first fabricated on glass slides using a positive photoresist. Specifically, a 
uniform layer of positive photoresist is spin coated at 1000 rpm for 3s (333 r/s accelerate), and then 
at 3000 rpm for 10 s (1000r/s). The uniform layer is soft baked for 60s at 150 °C, then exposed to 
UV light for 40s. Then the glass slide is post baked for 60s at 100 °C, and developed for 10s. The 
glass slide mask is good for making channels in PDMS substrate. 
To make channel in polymeric substrate, hot embossing is commonly used. Therefore, a 
robust channel mask for hot embossing is needed. Negative photoresist SU-8 (Microchem) is used 
for this purpose. Cross-linking of SU-8 happens during its exposure to UV light due to cationic 
polymerization, and the channel parts which have no exposure to UV light would dissolve in the 
developer solution. Silicon wafer was first used as mask material, however it broke easily during 
hot embossing. Therefore copper mask was used as replacement later. Specifically, a uniform layer 
of SU-8 was spin-coated onto a copper (2.5 inch x 2.5 inch) substrate first. Next, target structures 
were generated with a photo mask (Figure 7-2). This step created open channels on the SU-8 layer.  
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Figure 8- 2: Microfluidic channels were designed in AutoCAD file, the channels were fabricated 
from negative photoresist SU-8, and photo mask was purchased from Finline Imaging® (Colorado 
Springs, CO). The line width of the designs were (a) 300 μm (b) 200 μm (c) 400 μm (d) 500 μm. 
 
The following table shows the parameters for making channels with different thickness 
using two types of negative photoresist SU-8 on silicon wafer and copper mask. Using the following 
protocols, channels with thickness of 60 ~80 µm were made using SU-8 2050, and channels with 
thickness of 35~40 µm were made using SU-8 2015. Therefore, a combination of photoresist type 
and photolithography parameters could be used depending on the desired channel thickness. 
 
Table 8- 1: Protocols of photolithography using SU-8 2015 and SU-8 2050 on silicon wafer and 
copper plate substrates 
substrate SU-8 2015 SU-8 2050 
Silicon wafer Spin coating: at 500 rpm, 100 r/s, 
5s, then 1000 rpm, 300r/s, 30s  
Soft bake 5 minutes at 95 °C  
Exposure for 11s, CH1  PEB 6 
minutes at 95 °C  Develop for 
5 minutes in PGMEA  Rinse 
with pure PGMEA for 10 
seconds, then rinse with 
isopropanol for 10 seconds, and 
dried with N2   Hard bake for 
2 minutes at 150 °C 
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Copper plate Spin coating: at 500 rpm, 100 r/s, 
5s, then 1000 rpm, 300r/s, 30s  
Soft bake 5 minutes at 95 °C  
Exposure for 11s  PEB 6 
minutes at 95 °C  Develop for 
3 minutes in PGMEA  Rinse 
with pure PGMEA for 10 
seconds, then rinse with 
isopropanol for 10 seconds, and 
dried with N2   
Spin coating: at 500 rpm, 100 r/s for 
5s, then 2000 rpm, 300r/s for 30s  
Soft bake at 65 °C for 2 minutes, 
then at 95 °C for 7 minutes  
Exposure for 15s ( to get the 45~80 
μm size on silicon wafer, it needs 
150~215 mJ/ cm2 , it needs to be 
increased by 1.5 ~2 times on copper 
plate) PEB 1 minutes at 65 °C, 
then at 95 °C for 6 minutes  
Develop for 6 minutes in PGMEA 
developer  Rinse with pure 
PGMEA for 10 seconds, then rinse 
with isopropanol for 10 seconds, and 
dried with N2  
 
8.1.3 Acid copper plating 
Copper has a bigger heat transfer rate than SU-8, so when copper plate with SU-8 coating 
at room temperature was directly put into the plating solution at around 90 °C, copper could be 
heated faster than SU-8, leading to different expansion rate, and peeling of SU-8 was observed 
before plating was completed. Therefore, copper plate was heated using a hot plate slowly and 
gradually. Heating temperature was initially at 40 °C for 2 minutes, then increased by 10 °C every 
2 minutes until 90 °C. This step is to prevent SU-8 layer peeling off when the copper plate was put 
into the plating solution due to heat expansion. 
 
8.1.3.1 Plating set up 
5.2 L of distilled water was added into a plastic tank which included an agitation pump on 
the bottom of the tank. One bag of copper crystals (2.5 lbs), 473 mL of sulfuric acid, 1.5oz of Copper 
Brightener A, and 0.3oz of Copper Brightener B was added into the tank and mixed by the agitation 
pump.  
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Figure 8- 3: Acid copper plating set up. Cathode is the copper mask is the copper plate containing 
SU-8 open channel. Anode is pure copper supplied in the plating kit. Plating voltage is controlled 
by a external power supply. 
 
8.1.3.2 Plating parameters 
Nail polish was used to cover the back of copper plate. Plating current of 1.6 A was used to 
plat at room temperature, and after 42 minutes the copper plate was rinsed with DI water. Over 
plating was discovered, and the plated channel had porous structure. Therefore, a reduced current 
of 0.58A was later used, and after 43 minutes the copper plate was rinsed with water. And the plated 
channel was around 27μm. Therefore, a plating current of 0.58A was used for the rest of plating 
process. And the plating time was controlled which determined the channel thickness. Several 
combination of photoresist, photolithography process and plating process were used in order to 
create channels of different thickness. 
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Table 8- 2: Copper mask with different design and various channel thickness 
Photo-
-resist  
Spin 
coating 
speed  
(rpm) 
Channel thickness 
after 
photolithography 
(μm) 
Acid 
copper 
plating 
time 
(min) 
Thickness 
after plating 
(μm) 
Additional  
condition 
SU-8 
2050 
3000 58  30 83 After plating, the 
surface is very rough 
SU-8 
2015 
1500 26 22 39.6 16 mL Brightener B 
was added before 
plating for a smooth 
plating finish 
SU-8 
2015 
1500 25 0.575A, 
16 min 
21.5 20 mL Brightener B  
SU-8 
2050 
3000 54 0.575A, 
18min 
24.6 20 mL Brightener B  
SU-8 
2050 
3000 34 0.582A, 
16 min 
35  
 
Therefore, SU-8 2050 with a spin coating rate of 3000 rpm was used in order to make a 
channel of around 50 µm. And acid copper plating at 0.575A current for 25 minutes was used to 
make a copper channel of around 50 µm. 
 
 
Figure 8- 4: (a) SU-8 open channel on copper plate, before acid copper plating. (2) After acid copper 
plating, SU-8 open channel was fulfilled with pure copper (black part is the copper channel), the 
SU-8 layer was later removed.  
 
8.1.4 Electroless nickel plating 
In this study, the copper plate after acid copper plating was used in hot embossing to 
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fabricate polymeric microfluidic chips. However, hardness of separating the copper mask from 
polymeric substrate, as well as deformation of microfluidic channels were observed during hot 
embossing. Therefore, an electroless nickel-polytetrafluoroethylene (PTFE) plating step was used 
to provide a self-lubricating layer between the copper mask and the polymeric substrate. PTFE or 
Teflon is an excellent coating material for reducing friction values and providing self-lubricating 
properties on parts. PTFE ELECTROLESS NICKEL kit from Caswell (Lyons, NY) was used to 
plate a mid-phosphorous nickel plating, with 20-25% PTFE deposits, on the copper plate. The kit 
contained SP Degreaser, Part A and Part B solution used for electroless plating. 
 
 
Figure 8- 5: Electroless nickel-PTFE plating set up.  
 
A degreasing and cleaning step is needed prior to electroless plating. Copper plates were 
immersed for 5 minutes in a solution with 4 oz SP Degreaser and 1 gal Distilled water at 70 °C. No 
agitation was needed during degreasing. The copper plates were rinsed in DI water. The electroless 
plating solution contained 15 mL Part A, 45 mL Part B and 240 mL DI water. The plating solution 
was heated to 91 °C at 501 rpm. The copper plate was immersed in the solution. To start the plating 
process, the surface must be activated by touching with steel for around 1 minutes. The appearance 
of bubbles gathering on the plate surface indicated that the plating process has started and the plating 
time should be calculated.  
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Table 8- 3: Electroless Nickel Plating Troubleshooting 
Issue Cause Solution 
No deposit Copper plate not activated Touch copper plate with steel part (all 
parts should be immersed in the 
solution) for around 30 seconds until 
the appearance of gas 
Rough Plate Contamination of loose 
particles; contaminated water 
Filter solution through a double coffee 
filter; use DI water; improve cleaning 
and rising process 
Plating solution 
turns grey 
Solution is decomposing Solution may be contaminated with 
alkaline drag in. Dump solution 
 
8.1.5 Electroless Ni-PTFE plating 
200 mL/L Elnic 101-C5 (MacDermid) mixed with 1.0-7.0 m L/L Nicklad Ice Ultra 
(MacDermid), usage level is dependent on desired PTFE deposit. Temperature is 85 °C. This step 
is used to deposit an additional lubricant layer on copper mask, which prevent channel deformation 
during de-embossing step in microstructure fabrication. The copper plate surface was comparatively 
smooth after Ni-PTFE plating. 
 
 
Figure 8- 6: Atomic force microscope (AFM) photo of Ni-PTFE plated copper mask (a) pure 
copper plate, no PTFE plating as a control (b) 48% PTFE plating 
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Figure 8- 7: Contact angle of Ni-PTFE plated copper mask (a) pure copper plate, no PTFE plating 
as a control (b) 48% PTFE plating 
 
The copper plate surface was comparatively smooth after Ni-PTFE plating. A significant 
increase of contact angle was observed after plating, which indicated the deposition of PTFE on 
copper plate. 
 
8.2 Fabrication of plastic chips by hot embossing 
8.2.1 Substrate preparation 
PMMA substrates were ultrasonicated in 15% isopropanol and DI water separately for 15 
minutes, and dried with N2. The cleaned substrates were stored in a desiccator before hot embossing. 
The substrates must be dried completely, otherwise bubbles will appear during hot embossing. 
8.2.2 Hot embossing parameters 
Hot embossing is a simple process for microstructure development. It has comparatively 
low requirement for master structure, because once the master structure is made, it could be used 
repeatedly. A large range of thermoplastics could be selected for this method and it is available for 
commercial large fabrication, therefore the cost could be reduced. A typical hot embossing process 
includes the following steps: (1) Master structure is preheated above the glass transition temperature 
of the polymeric substrate; (2) Polymeric material is heated on a hot press until its temperature is 
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above glass transition temperature; (3) The master plate is pressed into the thermoplastic substrate 
(i.e. PMMA) with a force of around 500 N cm-2, the pressure is dependent on material size, design 
etc. (4) Both of the master and substrate are cooled below Tg (demolding).  
 
Figure 8- 8: Carver® hot press used in hot embossing and thermal bonding. (a) Steel plates could 
be heated separately using two thermometers (b) Meter for pressure control. Pressure is loaded in 
pounds. (c) The setting of a hydraulic press. 
 
In this study, the Carver® hot press (Summit, NJ) was preheated to 120 °C until temperature 
is stable. Copper mask was put directly on hot press for preheating, a cleaned PMMA plate was put 
on the copper mask. A cleaned Kapton® film covered the PMMA plate to prevent the PMMA from 
sticking on the hot press during hot embossing. Before starting to apply pressure, the PMMA plate 
was heated on the copper mask for around 2 minutes. This step is to eliminating air bubbles at the 
substrate/mask contacting surface during the melting of PMMA. The pressure was slowly increased 
from 0 to 1800 lbs in 1 minutes, then stayed at 1800 lbs for 2.5 minutes.  
The key points during hot embossing are as follows: a uniform temperature distribution which is 
achieved by preheating the master structure and the substrate; a lubricating layer between master 
and polymer substrate to prevent sticking and microstructure deformation; clean and dry surfaces 
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of master and substrates to prevent trapped air from forming bubbles (Becker & Gärtner, 2008). 
 
Figure 8- 9: Two chips are of the same size, but with different channel designs. (a) A narrow 
channel with 3 turns, flowing time is 1 minute (b) a wide channel with 6 turns, and flowing time is 
1.25 minute. 
 
 
Fluid flows comparatively slowly in a smaller channel than in a bigger channel. More turns 
in the channel design leads to higher pressure, which slows the fluid flowing. Therefore, by 
optimizing the number of turns in the design and channel width, flowing time could be controlled 
within the capillary-driven microfluidic chip. 
 
Figure 8- 10: Optical profilometry of the smaller channel design from Figure. Channel thickness is 
around 31 μm. 
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Figure 8- 11: Optical profilometry of the bigger channel from Figure. Channel thickness is around 
125 μm. 
 
 
8.3 Fabrication of microstructures by CNC Mill machining 
 
Figure 8- 12: CNC Mill set up. 
 
 
Milling is the machining operation of using rotary cutters to remove substrate material with 
the axis of the cutter which is spinning at a high speed. For cutting operations in a milling machine, 
high speed steel with cobalt end mills with various sizes are usually used. The cutter moves in 
control of a computer program designed by the user. Mill machining is used for drilling holes and 
chambers. Holes served as fluidic reservoirs, chambers or cavities are used in reagent storage. 
8.4 Fabrication of plastic chips by laser ablation 
Compared to photolithography and mill machining, laser ablation provide a rapid way to 
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fabricate microstructures at a comparative low cost, which enables the production of disposable 
microfluidic devices. In this study, a CO2 laser equipment was used. 
8.4.1 Laser parameters 
Laser ablation is a rapid prototyping method to fabricate microfluidic structures. In this 
case, the high-intensity laser beam moves in x and y direction on the substrate material and 
evaporates the material at the focal point, and generates the pattern designed in AutoCAD file. 
Parameters include speed, power, frequency, the focus of laser beam on the substrate surface and 
the laser mode (raster mode or vector mode). Depending on material type, the combination of the 
parameters will generate a defined ablation depth. Several passes will be needed if a deeper structure 
is desired. Optical profilometer was used to determine the thickness and width of laser-ablated lines 
 
Table 8- 4: Laser ablation parameters used to cut through various substrate materials, including 
Poly(methyl methacrylate) (PMMA), polyethylene terephthalate (PET), nitrocellulose membrane 
(NC), pressure sensitive adhesive film (PSA), and acrylonitrile butadiene styrene(ABS) 
sample speed power frequency focus raster vector Passes 
PMMA 40% 25 5000 0 N Y 1 
PET 32% 5% 5000 0 N Y 1 
NC 60% 5% 5000 0 N Y 1 
PSA 35% 5% 5000 0 N Y 1 
ABS(0.005’) 40% 5% 5000 0 N Y 1 
ABS(0.01’) 40% 7% 5000 0 N Y 2 
ABS(0.02’) 40% 10% 5000 0 N Y 2 
 
Besides cutting through substrate materials, laser ablation was also used to create open 
channels on PMMA substrate. 
Table 8- 5: Laser ablation parameters used to create microchannels on PMMA. 
speed power frequency focus raster vector Channel 
width 
Channel 
height 
40% 10% 500 125 N Y 453.5 86 
40% 10% 500 200 Y Y 546.4 14 
40% 10% 500 250 N Y 582.8 37.3 
40% 10% 500 300 Y Y 570 55.8 
40% 10% 250 200 Y Y 587 43.8 
40% 10% 250 200 Y Y 587 39.7 
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As a result, 40% speed, 7% power, 350 Hz, 500 focus is used on PMMA substrate and the 
channel thickness is around 230 μm. 
 
8.5 Bonding of polymeric microfluidic devices 
Thermoplastics have attractive applications in fabricating microfluidic devices, especially 
used as substrates in the development of low-cost disposable systems. Poly (methyl methacrylate) 
(PMMA), for example, is increasingly used as substrate for microfluidic systems because it is cost 
effective and it could be easily surface-modified.  
 
8.5.1 UV-assisted thermal bonding 
Direct thermal bonding is the most common used bonding technique because of its 
simplicity and relatively high bonding strength (Tsao & DeVoe, 2009). Thermal bonding is an 
important technique in fabricating polymeric microchips. Substrate is heated to a temperature near 
or above its glass transition temperature (Tg). When a combination of temperature and pressure is 
provided, strong bonding is formed by interdiffusion of polymer chains between channel substrate 
and capping substrate. The crucial step of direct thermal bonding is to optimize the combination of 
time and temperature. Otherwise, deformation of embedded microchannel or fluid leakage due to 
weak bonding will happen. Two approaches are usually used during thermal bonding to reduce 
possible channel deformation. The first approach is a high temperature and low pressure bonding 
combination, which has been report in bonding laser-ablated PMMA(Sun, Kwok, & Nguyen, 2006). 
The second approach is to use a high pressure and temperature below Tg. The use of UV irradiation 
has become a straightforward and clean surface modification method for generating the carboxylic 
acid group on PMMA surface (Nugen, Asiello, Connelly, & Baeumner, 2009). 
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8.5.2 Solvent bonding  
When the surface of a thermoplastic is exposed to a specific solvent, in which the substrate 
plastic becomes soluble, polymer chains across the interface becomes mobile and entangled, leading 
to strong bonds between surfaces. Solvents used in thermoplastics bonding are in liquid or vapor 
phases. Liquid solvent is usually applied by spin coating, to generate a thin uniform layer of solvent 
on plastic surface. For example, 2,4-pentanedione was applied on PMMA cover chip for 30 seconds 
and then immediately spin-coated for 5 seconds to get a uniform coating. The PMMA chips was 
bonded by carefully aligned the solvated PMMA capping layer with a PMMA channel layer and 
gently pressed at 85 °C for 2 minutes. However, this method could lead to excessive solvent uptake 
within a short time. Therefore in the later studies, vapor phase solvent is preferred, because it is 
comparative simple for a precise control of vapor exposure time and bonding pressure.   
 
Figure 8- 13: Comparison of bonding technique and substrate material. (a) UV-assisted thermal 
bonding of PMMA and PMMA chip. Microchannel on the PMMA chip was made by hot embossing, 
cavities and holes was made by mill machining. (b) Acetone vapor bonding of PMMA and PMMA 
chip. Microstructure on the PMMA chip was made by laser ablation. (c) Acetone vapor bonding of 
PET and PET film, with ABS film containing microstructures as a middle layer. Microstructure on 
the ABS was made by laser ablation. Red and green are food dyes used as a visual aid. 
 
Polycarbonate substrate bonding: Methylene chloride is a very fast solvent cement for 
polycarbonate. A mixture of 60% methylene chloride and 40% ethylene chloride is used to slow the 
drying process. Bonding was realized by a quick dipping of capping layer in the mixture solvent 
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and thermal bonded at 200 psi pressure at room temperature.  
 
Table 8- 6: Thermal bonding protocols for various substrates. 
substrates pretreatment Bonding 
temperature 
Bonding 
pressure 
& time 
result Additional 
information 
PMMA+PS UV treatment  
(PS 10 min, 
PMMA 6 min) 
75℃ 2000N 
for 2 
min 
No 
leakage or 
clogging 
Food dye flow 
test time is 
about 1min  
PMMA 
+PMMA 
UV treatment 
6 min  
75℃ 1600N 
1min21s 
No 
leakage or 
clogging 
 
PMMA+ 
PET 
UV treatment 
(PMMA 6 min, 
PET 11 min) 
75℃ 1600N, 
2min 
No 
leakage or 
clogging 
PET film 
thickness is 
0.007’ 
 
8.5.3 Adhesive bonding 
Adhesive bonding is a typical example of indirectly bonding, especially used for thermoplastic 
microfluidic chips. One of the simplest bonding techniques is to use glue, however it will result in 
channel clogging. UV-curable adhesive (i.e. SU-8 photoresist) has also been reported as a bonding 
agent (Wu, Huang, & Zare, 2005).The disadvantage of such adhesive is that it requires UV light 
irradiation to activate the bonding, which increases the complexity of the system. Therefore in this 
study, adhesive bonding is applied by use of commercial lamination films. These double sided 
adhesive films are available in various film thickness (minimum thickness is around 40 μm). 
Pressure sensitive adhesive film bonding allows for rapid prototyping and mass fabrication in 
developing low-cost disposable chips.  
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CHAPTER 9 
ADDITIONAL INFORMATION: DEVELOPMENT OF ELECTRONIC COMPONENTS 
IN POLYMERIC MICROFLUIDIC DEVICES 
 
Electrochemical detection is widely used due to its high sensitivity compared to 
colorimetric detection. Electronic components could make the microfluidic device more versatile 
and broaden its application. Conventional way for fabricating electrodes, such as gold electrode, is 
by metal deposition coupled with photolithography. The electrodes fabricated using this method 
have high resolution and well-defined patterns.  
 
 
Figure 9- 1: Gold electrodes fabricated by chemical vapor deposition. 
 
However, this conditional method requires multiple processing steps in a cleanroom environment. 
Therefore the cost is increased, and the process is time consuming. Directly printing of functional 
electronic materials provides a rapid way to low-cost fabrication of electronic components, 
especially on polymeric substrates for disposable use. Therefore in this study, three alternative 
methods have been used to fabricate electronic components in a microfluidic device, including CNC 
mill machine, microplotter, and inkjet printer.   
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9.1 CNC Mill 
Silver electrodes were initially fabricated by CNC Mill. The ink used for fabricating silver 
electrode was a reactive silver ink, and it was made by a modified Tollen’s process (S. B. Walker & 
Lewis, 2012). The chemical reaction is as follows: 
NH4OH/H2O + AgC2H3O2 + CH2O2  [Ag(NH3)2]+ [C2H3O2]-  Ag 
0.5g of silver acetate (CH3COOAg, 99%) was measured and put into 1.25 mL aqueous ammonium 
hydroxide. The mixture was mixing on a vortex at room temperature for 15s. 0.1 mL of formic acid 
(HCOOH, >= 88%) was then titrated into the solution dropwise for 60s -vortex mixing after each 
drop. The solution was then centrifuged at 350 rpm for 2 minutes, so that large particles would settle 
out. The clear supernatant was filtered through a 0.2 μm syringe filter. The clear solution was used 
as reactive silver ink, which contains 22 wt% silver. The sediment which contained large silver 
aggregates corresponding to the initial 31% silver content used.  
Prior to printing, the electrodes pattern was designed in AutoCAD, and transferred to the 
computer program which controlled the CNC mill.  
 
Figure 9- 2: Silver electrode design for CNC mill. Design unit is mm. Each point was labeled in 
the x-/y-coordinate system. 
 
CNC mill has been used for microstructure machining previously. In this study, the milling 
cutter was replaced by a refurbished ultra-fine tip sharpie pen which was filled with silver ink. The 
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design of electrodes was input into a computer program which controlled the movement of the 
sharpie pen.  
A major disadvantage of this method is that electrodes are made by direct surface contact 
through the pressure between pen tip and the substrate. Therefore, if the substrate surface is bumpy, 
the printed lines tend to be non-uniform. And when the pen tip moves across microstructures on 
substrate, non-continuous line could easily appear due to loss of direct contact. Another 
disadvantage of this method is that the printing process and machine calibration process are time 
consuming, and not ideal for mass fabrication. Therefore, microplotter was used later to replace 
CNC mill for a high resolution printing job. 
 
9.2 Microplotter 
Silver electrode could also be fabricated by the desktop Sonoplot® GIX Microplotter 
(Middleton, WI). It is a picoliter fluid dispensing system. The dispenser uses the precisely controlled 
ultrasonics to generate picoliter droplets and to deposit fluid in a noncontact manner. The smallest 
feature is 5 μm wide could be achieved when automatic surface height calibration and coefficient 
of variability are optimized. The advantage of microplotter is its ability to handle a wide range of 
fluids, including aqueous solutions and many organic solvent-based mixtures. Fluids with viscosity 
up to 450 cP could be deposited using this system. 
In minimum resolution of the plotter was 6 µm dots and 10µm lines, with 30 µm nozzle 
(glass tip). Two commercial silver inks were used: Cabot 101-59 silver ink (25k CPs, with 1:1 ~2:1 
ratio to reach 450 CPs), and NOVACENTRIX Metalon® JS-B25P silver ink (with 25% loading and 
25 CPs). Grid space was 300 µm on non-UV treated PMMA and 400 µm on UV-treated PMMA, 
because after UV treatment lines tended to spread out after printing due to increased surface 
hydrophilicity. 
The advantage of this method is that microplotter could handle ink with a wide range, and 
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the printing definition is very high. The machine has precise control during printing. The 
disadvantage of this method is that the ultrafine glass tip breaks easily, especially on polymeric 
substrate which could be scratched easily (i.e. PMMA). The printing speed is comparatively slow. 
Therefore, it is not useful if large-scale fabrication is needed. 
 
9.3 Desktop inkjet printer 
Recently, inkjet printing has been investigated extensively for the fabrication of narrow 
conductive tracks. Drop-on-demand (DOD) printing is dominant in graphics and text printing, with 
a drop diameter of typically 20~50 μm (Derby, 2010). The production cost of inkjet-printed 
electronic devices has been reduced, because materials can be positioned on-demand which 
minimizes possible waste (Van Osch, Perelaer, de Laat, & Schubert, 2008).  
 
Figure 9- 3: Desktop printers used for inkjet printing of reactive silver ink 
 
 
HP Photosmart C4580 is a drop-on-demand thermal inkjet. The cartridge for this printer is 
HP 74 cartridge, as is shown in Figure 9-4. 
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Figure 9- 4: Cartridges used in HP Photosmart C4580 for silver ink printing. The cartridge is 
reconstructed by removing the top cover and its original ink, and refilled with reactive silver ink. 
(a) Original cartridge (b) top cover is removed (c) nozzle part of the cartridge (d) inside structure 
of the cartridge (e) silver nanoparticle leaving on the surface of the cartridge (left) could clog the 
nozzle.  
 
Epson Stylus Photo® R260 and EPSON Artisan 50 are both 6-color piezoelectric printers, 
using five sizes of ink droplets as small as 1.5 picoliters. Epson Stylus Photo R260 is discontinued, 
and replaced by Epson Artisan 50. The maximum resolution is 5760 х 1440 dpi. The direct CD 
printing function enables directly printing on a rigid polymer substrate. The cartridges used are 
refillable Epson cartridges (Black 781R, Cyan 782R, Magnenta 783R, Yellow 784R, Light cyan 
785R, Light magenta 786R).  
In order to prepare the Epson Sylus Photo R260 to print custom silver ink, the ink lines 
were flushed at the beginning. The cartridges were reconstructed as is shown in Figure 9-5 
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Figure 9- 5: non-oem ink cartridges used for Epson printers.(a) Refilled cartridge were used with 
auto reset chip (ARC) sold by Amazon (E-Z ink on Amazon maketplace) (b) tubing are attached 
to the cartridge 
 
Cartridges were first emptied and cleaned. The cover of the cartridge were cut off, and holes 
were drilled with an electric driller in order to fit the flexible tubing. The tubing was connected to 
the printer ink input nozzle. This step was to save more ink while remain good sealing and printing 
quality. The other end of the tubing was attached to a standard syringe. The lines were cleaned by 
manually flushing 5 ml of 70% ethanol, followed with 5 ml of DI. Cleaning was finished when there 
was no color shown during printing. This printer could print on flexible substrate (i.e. PET) as well 
as rigid substrate (i.e. PMMA). Before printing, a piece of A4 paper was loaded, and the  
button was pressed to reload paper, this step was to clean the roller head. PMMA substrate was cut 
into CD size using laser ablation. Since the printer didn’t recognize transparent PMMA sheet, 
therefore a CD size paper was cut and attached underneath the PMMA.  
To load silver ink, 1 mL silver ink was manually pushed into each color nozzle, and the 
tubing was fulfilled with silver ink. This step also functioned as “printer head cleaning” step. Before 
printing, all of the substrates needed UV treatment (PMMA 6 min, PET 15 min) in order to increase 
hydrophilicity. Specifically, PET film were cut into 4x6 inch photo size, and UV treated for 15 min 
to increase hydrophilicity. The PET film were usually attached on a 4x6 inch paper using double 
sided tape to prevent paper jam while printing. Because the PET film was packaged in a roll, and 
after cutting it was not flat. This step is optional if the PET film is flat and there is no paper jam 
while printing.  
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Printer setup during printing is another important parameter for high definition printing. 
The specific settings are as follows (PET printing as example): Paper size was “4x6 inch”, paper 
type was “photo glossy”, print quality was “best quality”. Patterns were printed in color and portrait 
mode, and high speed mode was cancelled during printing. 
 
Figure 9- 6: Silver electrodes printed directly on PET substrate by Epson printer.  
 
 
Compared to HP thermal printer, Epson printers use piezoelectric print-heads, which allows 
for printing a wide range of chemicals without causing temperature fluctuation on the ink. For 
example, silver nanoparticles could easily aggregate and clog the nozzle when temperature is 
increased during thermal printing. Additionally, Epson printer has the ability to print on rigid 
substrates using the CD printing function.  
To optimize the silver electrode printing, two additional studies were conducted. The first 
study was “color setting and conductivity”. 5 layers were printed in each single color mode (black, 
green, red, blue, and orange). Test line was 1.5 mm x 1cm (width x length).  
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Figure 9- 7: printing silver ink at different color setting.  
 
 
As a result, blue had the smallest resistance (37.9 Ω) and best conductivity. The resistance 
were 108Ω for green and 80 Ω for red. Orange and black were not conductive. Black had the best 
shape with sharp edges, other colors had smudge edges.  
Next study was on “layers and conductivity”. Black and red color were printed at different 
layers. As a result, black patterns had no conductivity with all tested layers. Red pattern started to 
have conductivity after 3 layers, the more layers the better conductivity. Scratches in the pattern 
lead to bad conductivity. Head part (the square) had better conductivity than the line part, possible 
due to scratches in the line.  
 
Figure 9- 8: Study on printing layers and conductivity. 
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9.4 Dimatix material printer 
In piezoelectric DOD printing, the pressure pulse can be generated by mechanical actuation 
from a piezoelectric transducer. In the absence of a pressure pulse, liquid/ink is held at the nozzle 
by surface tension. With piezoelectric DOD printing, the actuation pulse could be changes in order 
to control drop size and velocity. Nozzle clogging happens when the particles in the printing 
suspensions are bigger than the nozzle diameter.  
Drop/substrate interactions. The liquid/solid phase change can happen through the 
combination of a serials of mechanisms, i.e. solvent evaporation, chemical reaction, cross-
linking/gelling of a polymer precursor, and changes by a transition temperature. The contact angle 
is very important in controlling the final shape of a printed drop and patterns built up from the 
interaction of drops. During inkjet printing, drops may contact and interact with other drops. This 
interaction may lead to flow reversals. 
The cartridges are disposable for one time use. There are 16 piezoelectric nozzles with 21.5 
μm diameters on each cartridges. Each nozzle could be controlled individually to produce drops of 
ink, and the firing voltage of each nozzle can be fine-tuned to optimize the printing of new fluid.   
 
9.4.1 Ink requirement 
 
Dimatix printer is suited for printing non-traditional ink, i.e. protein or nucleic acid solutions, 
conductive polymers, or nanoparticles as ink materials. Jettable ink should meet the following 
requirements: 
(1) Viscosity is between 12-12 cPs at jetting temperature. If the viscosity of the fluid is too high (> 
30 cPs at room temperature), the simplest adjustment is to increase the temperature of the built-
in cartridge heater as the ink prints. Sometimes, increasing temperature will affect some other 
characteristics of the ink. For example, increasing temperature may cause aggregation of 
nanoparticles, which lead to nozzle clogging. Another method to decrease ink viscosity is to 
add additional solvent to dilute the ink. If the viscosity of the ink is too low, waveform needs to 
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be adjusted or additional 10~20% low-volatility humectants (i.e. ethylene glycol or glycerol) 
should be added. Sugar (i.e. trehalose) has also been used for increasing ink viscosity when 
rapid drying or rehydration is needed. 
(2) Surface tension is between 32-42 dynes/cm at jetting temperature. If surface tension is too low, 
unstable drops will be formed, or ink will not be hold in the nozzle and dripping will happen. A 
different solvent system should be used for the ink, such as ethylene glycol (~47 dynes/cm), 
isopropyl alcohol (~22 dynes/cm), and toluene (~ 28 dynes/cm). If the surface tension is too 
high, surfactant needs to be added in order to degrease surface tension.  
(3) Degassing the ink and filtration. Air bubbles in aqueous ink in the nozzles will block jetting. 
Commonly degassing methods are vacuum, sonicating in water bath for 1 hour, or centrifuging. 
Colloidal suspensions or ink with particles of more than 0.2 microns (100x smaller than the 
openings of 10 pL cartridges) will block nozzles, therefore inks should be filtered through a 0.2 
μm filter before printing. After filling the cartridge, the ink should be allowed to rest in the 
cartridge for ~2 hours before printing for optimal jetting. 
Various ink formula have been developed for different applications. For example, reactive silver ink 
for silver electrode fabrication. 0.1 N NaOH ink (with trehalose for appropriate viscosity) has been 
printed on PET substrate for titration acidity test. PS or PMMA in anisole ink (with 2,3-butanediol 
for appropriate viscosity) has been printed on nitrocellulose membrane to create a hydrophobic wall. 
Enzyme in toluene ink has been printed on PET substrate 
9.4.2 Cartridge setting 
The key part of cartridge setting is to optimize the waveform. A typical voltage cycle 
includes three segments: a negative voltage period to fill the cartridge, a positive voltage period to 
dispense the fluid, and a segment to recover the nozzle to its original shape. A waveform consists 
the entire voltage cycle. There are three major functions in cartridge setting: waveform, cartridge 
and cleaning cycle. 
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9.4.2.1 Waveform basics 
A typical waveform is divided into four segments, each with adjustable settings: duration, level 
and slew rate.  
 
Figure 9- 9: Waveform setting window for Dimatix printer. 
 
 
Thicker liquids with high viscosities need higher jetting voltages and steeper slew rate. For 
fluid with a high surface tension, the firing frequency needs to be lowered, the voltage need to be 
increased and the slew rate should be steep.  
Besides waveform basics, jetting voltage and tickle control are also important factors in 
waveform tab. Tickle control enables and controls the low amplitude pulse that is given to the nozzle 
periodically to move the meniscus slightly but not eject a drop. 
 
9.4.2.2 Jetting voltage 
 
 126 
 
 
Figure 9- 10: Camera view of ink drops jetting from printheads. (a) no jetting voltage (b-d) jetting 
voltage was added. 
 
9.4.3 Drop spacing 
The drop spacing is the center to center distance from one drop to the next in X and Y position to 
create the pattern. The behavior of the printed fluid drops with the substrate determines the optimum 
drop spacing. For example, using the same aqueous ink, the optimum drop spacing on a hydrophilic 
substrate is larger than that on a hydrophobic substrate. The printer realizes a particular drop spacing 
by rotating the printing cartridge. The following table shows the relationship of sabre angle, 
resolution, and drop spacing which is used in the study. 
 
Table 9- 1: Resolution and drop spacing relationships 
Resolution (dpi) Sabre angle (°) Drop spacing (μm) 
5080.00 1.1 5 
2540.00 2.3 10 
1693.33 3.4 15 
1270.00 4.5 20 
1016.00 5.6 25 
846.67 6.8 30 
725.71 7.9 35 
635.00 9.1 40 
 
Ink viscosity and surface tension are two major parameters in inkjet printing. Jetting conditions (i.e. 
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the ink, surface energy of substrate and nozzle diameter) determines the size of the drop, which is 
critical in printing thin lines. Smaller nozzles are easier to clog, which reduces the reliability and 
repeatability of the jetting process. The coffee ring effect is partly caused by the interaction of 
multiple effects of drying of the solvent.  
 
9.4.4 Applications 
9.4.4.1 Printing silver/gold electrodes on polymer and paper substrate  
 
 
Figure 9- 11: Waveform setting window for reactive silver ink 
 
Table 9- 2: Waveform settings for reactive silver ink 
 Jetting waveform Non-jetting waveform 
Segme
nt 1 
Segment 
2 
Segment 
3 
Segment 
4 
Segment 
1 
Segment 
2 
Segment 
3 
Level (%) 0 100 67 53 40 40 53 
Slew Rate 0.38 0.6 0.84 0.8 1.0 1.0 1.0 
Duration 
(μs) 
6.272 3.2 3.584 0.896 3.968 5.568 4.416 
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Figure 9- 12: Waveform setting window for commercial silver (UT Dots AgCE ink) and gold (UT 
Dots AuIJ ink) ink 
 
Table 9- 3: Waveform settings for commercial silver (UT Dots AgCE ink) and gold (UT Dots 
AuIJ ink) ink 
 Jetting waveform Non-jetting waveform 
Segment 
1 
Segment 
2 
Segment 
3 
Segment 
4 
Segment 
1 
Segment 
2 
Segment 
3 
Level (%) 0 100 67 20 53 40 20 
Slew Rate 0.65 2.0 2.0 2.0 1.0 1.0 1.0 
Duration(μs) 3.392 8.064 2.944 0.512 3.712 6.976 4.224 
 
For fabricating gold electrodes, 1 p L cartridge was used in gold electrode printing for a fine line. 
Waveform for printing gold ink (AuIJ ink) was the same as printing commercial silver ink (AgCE 
ink). A Jetting voltage of 22 V, and a jetting frequency of 7 kHz was used. Cartridge print height 
was 0.750mm, and single nozzle was used for printing. Cleaning circle ran every 15 bands 
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Figure 9- 13: Photograph of a gold electrode inkjet printed on a polyimide substrate. The electrode 
was printed with 100 µm gaps between the fingers. 
 
In order to obtain good electrical conductivity, a sintering step is needed after inkjet printing to 
provide additional energy. A heating process is normally used for sintering. Other sintering methods 
include microwave flash sintering (Perelaer, Klokkenburg, Hendriks, & Schubert, 2009), laser 
pulses sintering (S. H. Ko, Chung, Pan, Grigoropoulos, & Poulikakos, 2007), but these sintering 
methods requires additional equipment which increase the cost. Therefore thermal heating sintering 
step was used throughout the study. For silver electrodes, a sintering temperature of 180 °C was 
used for 3 hours. And for gold electrodes, a sintering temperature of 250 °C was used for 3 hours. 
 
9.4.4.2 Enzyme printing 
Ink was made by dissolving enzyme in toluene solution. The waveform setting is shown in the 
following figure. Jetting voltage was 38 V, frequency was 23 kHz, cartridge print height was 1.5mm, 
16 nozzles were used, cleaning mode was PURGE .3 seconds which ran every 200 bands, and 
cartridge temperature was 28 °C. 
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Figure 9- 14: Waveform setting window for enzyme printing 
 
 
Table 9- 4: Waveform setting for enzyme printing 
 Jetting waveform Non-jetting waveform 
1 2 3 4 1 2 3 
Level (%) 0 100 67 53 40 40 53 
Slew Rate 0.38 0.6 0.84 0.8 1.0 1.0 1.0 
Duration(μs) 6.272 3.2 3.584 0.896 3.968 5.568 4.416 
 
 
The 10 pL cartridges was preferred when printing silver ink and polymer/solvent ink. This cartridge 
has 12 nozzles with a 22.5 μm diameter which is able to print drops volume of 10 pL.  
 
9.4.4.3 Printing polymer/solvent ink (i.e. 10% PMMA in anisole) 
Waveform was the same as commercial silver ink waveform. A Jetting voltage of 18 V, and jetting 
frequency of 23 kHz was used. Cartridge print height was 1.00 mm, and cartridge temperature 35 °C. 
16 nozzles were used, and a cleaning circle ran every 25 bands. The molecular weight direct relates 
to polymer segment length, and viscosity. It has a critical effect on the flow properties in 
piezoelectric ink printing, which includes compression of the fluid and shearing before ejection 
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from the nozzle ((Singh, Haverinen, Dhagat, & Jabbour, 2010)).   
Table 9- 5: Waveform setting for polymer solvent ink printing 
 Jetting waveform Non-jetting waveform 
1 2 3 4 1 2 3 
Level (%) 0 100 67 20 53 40 20 
Slew Rate 0.65 2.0 2.00 2.0 1.0 1.0 1.0 
Duration(μs) 3.392 8.064 2.944 0.512 3.712 6.976 4.224 
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